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ABSTRACT
Synthesis and Characterization of CdSe-ZnS Core-Shell Quantum Dots
for Increased Quantum Yield
Joshua James Angell
Quantum dots are semiconductor nanocrystals that have tunable emission through
changes in their size. Producing bright, efficient quantum dots with stable fluorescence is
important for using them in applications in lighting, photovoltaics, and biological
imaging. This study aimed to optimize the process for coating CdSe quantum dots (which
are colloidally suspended in octadecene) with a ZnS shell through the pyrolysis of
organometallic precursors to increase their fluorescence and stability. This process was
optimized by determining the ZnS shell thickness between 0.53 and 5.47 monolayers and
the Zn:S ratio in the precursor solution between 0.23:1 and 1.6:1 that maximized the
relative photoluminescence quantum yield (PLQY) while maintaining a small size
dispersion and minimizing the shift in the center wavelength (CWL) of the fluorescence
curve. The process that was developed introduced a greater amount of control in the
coating procedure than previously available at Cal Poly.
Quantum yield was observed to increase with increasing shell thickness until 3
monolayers, after which quantum yield decreased and the likelihood of flocculation of
the colloid increased. The quantum yield also increased with increasing Zn:S ratio,
possibly indicating that zinc atoms may substitute for missing cadmium atoms at the
CdSe surface. The full-width at half-maximum (FWHM) of the fluorescence spectrum
did not change more than ±5 nm due to the coating process, indicating that a small size
dispersion was maintained. The center wavelength (CWL) of the fluorescence spectrum
red shifted less than 35 nm on average, with CWL shifts tending to decrease with
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increasing Zn:S ratio and larger CdSe particle size. The highest quantum yield was
achieved by using a Zn:S ratio of 1.37:1 in the precursor solution and a ZnS shell
thickness of approximately 3 monolayers, which had a red shift of less than 30 nm and a
change in FWHM of ±3 nm. Photostability increased with ZnS coating as well. Intense
UV irradiation over 12 hours caused dissolution of CdSe samples, while ZnS coated
samples flocculated but remained fluorescent. Atomic absorption spectroscopy was
investigated as a method for determining the thickness of the ZnS shell, and it was
concluded that improved sample preparation techniques, such as further purification and
complete removal of unreacted precursors, could make this testing method viable for
obtaining quantitative results in conjunction with other methods.
However, the ZnS coating process is subject to variations due to factors that were
not controlled, such as slight variations in temperature, injection speed, and rate and
degree of precursor decomposition, resulting in standard deviations in quantum yield of
up to half of the mean and flocculation of some samples, indicating a need for as much
process control as possible.

Keywords: Quantum dots, semiconductors, lighting, LED, solar, photovoltaic, biological
imaging, CdSe, ZnS, nucleation, growth, pyrolysis, organometallic, fluorescence,
absorbance, spectrophotometer, atomic absorption spectroscopy.
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CHAPTER 1 INTRODUCTION
1.1 Basics of Quantum Dots
Quantum dots are very small crystals of semiconductor materials. Their size
ranges from about a hundred to a few thousand atoms. The diameter of a quantum dot is
approximately between two and ten nanometers, which puts them in a special size range
that retains some properties of bulk materials, as well as some properties of individual
atoms and molecules. As semiconductors, quantum dots have certain associated
electronic and optical properties. For bulk semiconductors, the bandgap of the material is
a set energy barrier between the valence and conduction bands, dictated by the
composition of the material. Unlike bulk semiconductors, the bandgap of a quantum dot
is also influenced by its size. Small quantum dots emit higher energy light than larger
quantum dots, which makes the wavelength of light emitted by the particles tunable, with
smaller particles emitting blue light and larger particles emitting red light (Figure 1).

Figure 1: The wavelength of light emitted by quantum dots is tunable by changing the particle size.
In this image, all of the quantum dot samples are excited by the same UV wavelength, but emit
different visible wavelengths depending on particle size.1
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1.2 Applications
Quantum dots find use in many applications that need strong, stable fluorescence
with tunable emission. The primary applications of quantum dots are in energy efficient
lighting, photovoltaics, and biological imaging.

1.1.1 Lighting
Lighting accounts for up to 25% of energy usage in the United States, so
introducing more energy efficient lighting is of key importance.2 Lighting has progressed
from black body radiators, such as incandescent lamps, to fluorescent lamps to more
efficient forms of lighting such as light emitting diodes (LEDs) (Figure 2). Throughout
this transition, though, it has become very important to retain or improve the quality of
light produced.

Figure 2: Efficiency of light produced by incandescent, compact fluorescent, and LED lamps,
expressed in lumens per watt.2

Quantum dots are used in lighting either in conjunction with inorganic
semiconductor light emitting diodes (LEDs), such as GaAs or InGaN, or as a replacement
for, or complement to, conductive polymer junctions in thin film LEDs, such as organic
LEDs.3 Inorganic LEDs are made from direct band-gap semiconductor materials,
typically either III-V or II-VI semiconductors, grown in epitaxial layers on lattice
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matching substrates. The heart of an inorganic light emitting diode is the p-n junction,
forming a diode. The p-n junction is formed by doping the semiconductor material with
an excess of either positive or negative charge carriers. An n-type semiconductor has an
excess of electrons, while a p-type semiconductor has an excess of holes, or absence of
electrons. When a forward bias is applied to the junction with a voltage that meets or
exceeds the bandgap, electrons and holes recombine, creating light (Figure 3). It is the
need for radiative recombination that necessitates using a direct bandgap semiconductor
material. Semiconductors with indirect bandgaps, such as silicon and germanium, cannot
be used for LEDs because the recombination of holes and electrons is nonradiative,
dissipating energy as heat and lattice vibrations instead of light.

Figure 3: Schematic of the p-n junction in a light emitting diode (LED).

The bandgap of a semiconductor is tied primarily to its composition, which means
that the wavelength of light that an LED emits is inversely proportional to the energy of
the bandgap. For example, wide bandgap LEDs produce ultraviolet (UV) or blue light,
while small bandgap LEDs produce red or infrared light. For this reason, it is difficult to
significantly manipulate the color of a LED using only the diode itself. Due to the tunable
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emission and broad excitation of quantum dots, their use in conjunction with LEDs is
very promising to produce energy efficient lighting with tunable emission.
Typically to produce white light from LEDs, a blue or ultraviolet LED is used in
conjunction with a yellow phosphor, such as Ce:YAG.3 Due to the inefficiencies of
phosphors in converting light, the color spectrum of white LEDs made with phosphors
tends to be concentrated in the blue region, with less intensity in the yellow and red
regions. Replacing the phosphors with quantum dots allows for tuning the color spectrum
that creates white light, making it warmer and more pleasing to the eye (Figure 4). The
color rendering index (CRI), a measure of the accuracy of a light source of reproducing
the solar spectrum, of LED backlit liquid crystal displays (LCDs) can be increased using
quantum dot modified LEDs to produce LCDs that display “truer” colors.

Figure 4: Light spectra of standard LED, quantum dot film LED, and incandescent bulbs. 2

Quantum dots can also be incorporated into organic LEDs.4 Organic LEDs are
formed by creating a heterojunction between two conducting polymers, resulting in a
difference in work function. When a voltage is applied to this junction, light is emitted in
a similar manner as in inorganic semiconductors. By using polymers, light emitters can
4|Page

be printed on flexible substrates. Quantum dots demonstrate electroluminescence in
addition to photoluminescence, which means that when a voltage is applied to quantum
dots, they will emit light in a similar manner as LEDs.3 Since quantum dots can be
suspended in solutions, it is also possible to coat them onto flexible substrates in thin
films. Creating thin films of quantum dots to form quantum dot LEDs (QLEDs) allows
their tunability to be used to make thin film LEDs of all colors.

1.2.1 Solar and Photovoltaics
Since quantum dots absorb all wavelengths higher in energy than their bandgap
and convert them to a single color, they can be used to increase the range of wavelengths
absorbed by photovoltaics, increasing their efficiency (Figure 5). There are a couple of
different approaches to use this capability (Figure 6).5, 16
Organic photovoltaics (OPVs) are a growing industry in the same way as OLEDs
for many of the same reasons. OPVs function in a very similar fashion as OLEDs. As in
QLEDs, quantum dots can be substituted for or used in conjunction with organic
molecules in thin film, printable solar cells. Another method for using quantum dots to
harvest solar energy uses quantum dots for dye-sensitization with TiO2 nanoparticles.
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Figure 5: Comparison of solar spectrum with wavelengths that nanocrystals can efficiently absorb.6

Figure 6: Current strategies to create quantum dot based solar cells. (a) metal-QD junction, (b)
polymer-QD junction, (c) QD-dye sensitized solar cells.5

1.2.2 Biological Imaging
One of the primary areas of research and commercialization of quantum dots is in
biological imaging. Quantum dots are approximately the same size as a protein, thus
allowing them to enter cells in a similar manner.7 Most fluorescent dyes are based on
organic molecules, often xanthenes such as rhodamine and fluorescein. There are a
couple of key issues with organic dyes that can be remediated with quantum dots. The
absorbance and fluorescence of organic dyes are tied to their molecular structure,
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requiring excitation and detection at specific wavelengths. Unlike organic fluorophores,
quantum dots absorb a broad spectrum and emit symmetric, narrow spectra (Figure 7).7

Figure 7: Absorbance and fluorescence spectra of quantum dots (a-c) in comparison to organic dyes
(d-f).7

This feature of quantum dots give them advantages over organic fluorophores
because the excitation wavelength can be anywhere within a broad range, making it
easier to avoid excitation of background tissues, as well as simple separation of excitation
and emission (Figure 8).
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Figure 8: Being able to tune the emission of quantum dots allows a wide variety of easily
distinguishable colors to be used for fluorescence labeling with a single excitation source.1

In addition to wavelength dependence of excitation, organic fluorophores tend to
degrade with time during excitation, referred to as photobleaching. Quantum dots do not
significantly photobleach, sometimes even exhibiting photobrightening, with excitation
for extended periods of time, allowing for long term imaging.7
In order to use quantum dots for biological imaging though, some other
considerations must be made that limit their functionality. First, most quantum dots are
based on heavy metal chalcogenide compounds, such as CdSe and CdTe, which can leach
heavy metals into the tissue. To remediate this problem, a non-heavy metal shell, such as
ZnS, is used as a barrier. Second, most quantum dots are only stable in organic solvents
as prepared. To remediate this problem, quantum dots are usually encapsulated in a
polymer shell or a micelle to make them soluble in aqueous solvents. Biotags can then be
attached to the polymer. However, after all of the coatings and functionalization, the
hydrodynamic diameter of a quantum dot can often be much larger than its core diameter,
limiting the effectiveness of having such a small particle (Figure 9).7
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Figure 9: Illustration of a shelled, biofunctionalized quantum dot.1

Still, quantum dots show great promise in biological imaging, especially in
applications where robust, bright and stable fluorophores are needed. Table I summarizes
many of the advantages and disadvantages of quantum dots compared to traditional
organic dyes.
Table I: Important comparisons of the features of organic dyes and quantum dots. 7

Absorption spectra
Molar absorption coefficient
Emission spectra
Quantum yield
Fluorescence lifetime
Binding

Organic Dye

Quantum Dot

Discrete bands
FWHM 35 to 100 nm
4
5
10 to 10
Assymetric
FWHM 35 to100 nm
50% to 100%
1 to 10 ns
Via functional groups following
established protocols
Often several dyes bind to a
single biomolecule

Broad with steady increase
toward UV wavelengths
5
6
10 to 10
Symmetric Gaussian
FWHM 30 to 90 nm
10% to 80%
10 to 100 ns
Via ligand chemistry; few
protocols available
Several biomolecules bind
to a single quantum dot
6 to 60 nm (hydrodynamic
diameter); colloid
High
Orders of magnitude higher
than organic dyes
Possible photobrightening
Little known yet
Must prevent heavy metal
leakage
Potential nanotoxicity
Limited by complex
structure and surface
chemistry
Limited data available

Size

~0.5 nm; small molecule

Photochemical stability

Sufficient for most applications
Can be insufficient for highlight flux and long term
imaging

Toxicity

Very low to high, depending
on molecule

Reproducibility

Good, owing to defined
molecular structure and
established characterization
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CHAPTER 2 TECHNICAL BACKGROUND
2.1 How do Quantum Dots Work?
2.1.1 Semiconductors
To understand quantum dots, we must first understand the materials that compose
them. Semiconductors are a class of materials defined primarily by their electronic
properties. In metals and other conductors, the conduction and valence bands overlap,
without a significant energy barrier for promoting electrons from the valence to the
conduction band. In insulators, there is a large energy barrier for promoting electrons
from the valence to the conduction band, essentially eliminating conduction. In
semiconductors, however, the energy barrier for conduction is intermediate between
conductors and insulators (Figure 10). Typically, the bandgaps (Eg) for metals,
semiconductors, and insulators are less than 0.1 eV, between 0.5 and 3.5 eV, and greater
than 4 eV, respectively.7

Figure 10: Energy barriers to conduction for metals, semiconductors, and insulators.
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2.1.2 Quantum Confinement
Quantum dots have a tunable bandgap due to a concept called quantum
confinement. To understand quantum confinement, we need to look at how energy bands
work in atoms and work our way up to the bulk scale. Atoms have degenerate, discrete
energies at which electrons can reside, allowing more than one electron to reside in a
single energy level. When atoms are brought together, their electron clouds start to
interact and the degenerate states split into different energy levels. Once the number of
atoms interacting reaches the bulk level, the states are split into so many energy levels
that the states can be considered continuous because the spacing between energy levels is
infinitesimally small (Figure 11).8

Figure 11: Energy bands of bulk semiconductors, quantum dots, and molecules.

As the excitons are confined to a space smaller than the exciton Bohr radius, or the
spatial separation between the electron and the hole left behind when it jumps the
bandgap, less states become available. This continues until excitons are confined in all
three dimensions, at which point the energy levels become discrete (Figure 12).
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Figure 12: Density of states as a function of dimensions of quantum confinement. Quantum dots
confine the exciton in three dimensions and can be approximated as zero-dimensional structures.

At this scale, quantum dots act similarly to large molecules; adding or subtracting
single orbitals can shift the energy levels in the material, changing the bandgap and
making their emission tunable. This occurs when all three dimensions of a particle are
smaller than the exciton Bohr radius (Figure 13).

Figure 13: A quantum dot exhibits bandgap tunability because it is smaller than the spatial
separation between the electron and its hole, known as the exciton Bohr radius.

We can model the confinement of the exciton to the edges of the quantum dot by
viewing it as a particle-in-a-box. Brus developed an approximate relationship between the
particle size and its resultant bandgap, based on the material being used and its bandgap
in the bulk form (Equation 1).9 In the equation, EgQD is the theoretical bandgap of the
quantum dot, Egbulk is the bandgap of the bulk material, h is Planck’s constant, r is the
radius of the nanoparticle, m0 is the electron mass, me* is the effective mass of the
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electron for the material, mh* is the effective mass of the hole for the material, e is the
charge of the electron, ε0 is the permittivity of free space, and ε is the permittivity of the
material.
Equation 1: Change in
bandgap due to quantum
confinement in a spherical
nanoparticle.

The first term is based on the properties of the bulk material, the second term is
based on the particle-in-a-box confinement of the exciton, and the third term is based on
the Coulombic attraction between the electron and the hole. While it is not a perfect fit to
experimental values, what we can see from this equation is that the bandgap, and
therefore the wavelength of light emitted, changes significantly with small changes in
particle size.

2.1.3 Fluorescence
When an incoming photon of sufficient energy, greater than the bandgap of the
material, is absorbed by the material, an electron is excited from the valence band to the
conduction band, forming a hole in the valence band. When the electron relaxes back
down to the valence band, recombining with the hole left behind by its absence, a photon
is emitted, with energy proportional to the bandgap of the material (Figure 14). This
mechanism is why a quantum dot can absorb all wavelengths of light greater than its
bandgap and down-convert it to a specific wavelength.
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Figure 14: Mechanism of excitation and emission due to radiative recombination of an electron and
hole.

Figure 15: Typical absorbance (dashed line) and fluorescence (solid line) spectra for CdSe QDs.

2.2 Quantum Dot Materials
Quantum dots are made from semiconducting materials. As in LEDs, the
necessity for radiative recombination of electrons and holes to produce light means that
only direct bandgap materials can be used to create fluorescent quantum dots. Quantum
dots are typically made from III-V and II-VI semiconductors, such as CdSe, CdS, InP,
and ZnS (Table II). As we saw in section 2.1, the bandgap of the material from which a
quantum dot is made is very important to its properties. Since the bandgap of the material
is extremely important to its properties, different materials are used when different
properties are needed for an application. The first quantum dots were made primarily
from II-VI semiconductors, such as cadmium and zinc chalcogenides.
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Table II: Important parameters of bulk semiconductors commonly used for quantum dots.14

Most II-VI and III-V semiconductor materials crystallize in either the hexagonal
wurtzite or cubic zincblende form (Figure 16). For some materials, such as ZnSe and
CdTe, there is very little difference in energy between the zincblende and wurtzite
structures, and so they can exhibit wurtzite-zincblende polytypism.10 Depending on the
synthesis conditions, these nanocrystals may crystallize in either structure or both may
coexist in the same nanoparticle. Lead chalcogenides crystallize in the rocksalt structure,
although it has been shown that CdSe quantum dots can also crystallize in this structure if
the diameter exceeds 11 nm.

Figure 16: (A) Wurtzite and (B) zincblende crystal structures.
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For the most part, the choice of material for quantum dots is primarily focused on
the optical properties of the material, but consideration also should be made for the
preferred structure for the application, toxicity (such as being free of heavy metals), and
ability to coordinate ligands and functional groups to the surface.

2.3 Quantum Dot Synthesis Techniques
The history of quantum dot synthesis reaches back to glass blowers inadvertently
nucleating quantum dots of cadmium and zinc species in glasses. Glass workers added
cadmium and zinc sulfides and selenides to the melt to create glasses with rich yellow,
orange, and red hues, producing very small concentrations of quantum dots. More
recently in the 1980s, this process was controlled more directly, but still required
extremely high temperatures and control was very limited.11 Once molecular beam
epitaxy became popular in research institutions, it was used to deposit very thin layers of
semiconductor materials, creating quantum wells, which exhibit quantum confinement in
one dimension but not the other two. By depositing semiconductors on substrates with a
large degree of lattice mismatch, it was found that the layer would bead up into droplets,
forming quantum dots. However, this approach limited size dispersions to greater than
10%.3 Another direction was sought for quantum dot synthesis, especially focused on size
control. In this method, quantum dots were synthesized within micelles, limiting their
growth to the size of the micelle. While this method did not require high temperature,
organic solvents, or complicated equipment, the size distribution was poor and the
concentration was limited, as well as the quantum dots exhibiting poor crystallinity and a
large degree of defects.9
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The major breakthrough that made quantum dot synthesis easier and more
controllable was the advent of nucleation and growth techniques to synthesize quantum
dots in high temperature organic solvents. In nucleation and growth processes to make
quantum dots, ionic sources of the constituent materials are needed, such as Cd2+. These
methods utilized the pyrolysis of organometallic precursors to produce monodisperse
(less than 5% size dispersion) quantum dots made of cadmium chalcogenides.12
In this nucleation and growth process, an excess of organometallic precursors,
such as dimethylcadmium and selenium-trioctylphosphine (SeTOP) were injected into a
hot solution of coordinating solvent, such as a mixture of trioctylphosphine and
trioctylphosphine oxide (TOP/TOPO) at over 280 °C, supersaturating the solution.
During the first few seconds following the injection, particles nucleate homogeneously
depleting the reactants, followed by particle growth, Ostwald ripening, and eventually
saturation of the solution (Figure 17). This procedure was the first to result in quantum
dots with sufficiently high quantum yield, between 10 and 20%, coordinated with organic
ligands stabilizing the colloid, as well as producing monodispersity.
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Figure 17: Nucleation and growth of nanoparticles in a solution of hot organic solvents.12

Since the development of a nucleation and growth technique for synthesizing
quantum dots, almost all newer techniques have built on it, changing solvents and
precursors and working to increase the quantum yield and monodispersity, as well as
introducing greater control in the process.
In 2002, a major development was made towards using “green chemistry” to
synthesize quantum dots.13 While the pyrolysis of organometallic precursors produces
high quality quantum dots, the precursors are not air-stable, are pyrophoric, and very
toxic. In addition, the reaction was not very tunable, so the balance between nucleation
and growth could not be controlled well. The new “green” method, developed by the
Peng group, used the non-coordinating organic solvent octadecene (ODE) in conjunction
with the surfactant oleic acid (OA) and cadmium oxide as a cadmium ion source, and a
solution of elemental sulfur and ODE as the sulfur source. Not only were the precursors
air-stable and less toxic than organometallic precursors, but the reaction could be tuned
by changing the concentration of OA (Figure 18).
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Figure 18: Absorbance of quantum dots produced using the CdO/ODE/OA method, showing tunable
reactivity of the precursors through adjustment of the ligand concentration.

In recent years, more work has been done to develop a large variety of methods
for producing colloidal quantum dots in organic solvents, giving researchers a wide
variety of chemical systems in which to work depending the on the properties they desire
(Table III).
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Table III: Available synthesis methods for producing II-VI semiconductor quantum dots.10

2.4 Core-Shell Quantum Dots
2.4.1 Motivation for Core-Shell Quantum Dots
Since quantum dots are only a few nanometers in diameter, they have a very high
surface-to-volume ratio, as much as 80% of the atoms reside on the surface. Having such
a high surface-to-volume ratio suggests that the properties of the surface have significant
effects on the optical and structural properties of the particles. Surface defects, such as
dangling bonds, are surface-related trap states that act as non-radiative recombination
sites which degrade the fluorescence quantum yield of quantum dots.14
The organic ligands that surround colloidal quantum dots lend some degree of
surface passivation, but do not provide sufficient protection from the surrounding
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environment or complete passivation of surface defects. To better passivate the surface, a
secondary semiconductor can be epitaxially grown surrounding the core particle. After
coating the core with such a shell, the quantum yield has been shown to greatly increase
up to ten times, as well as displaying increased stability against photo-oxidation and
environmental attack.28

2.4.2 Types of Core-Shell Quantum Dots
Choosing the material for the shell layer depends on the properties that we desire
after coating. To understand this a little better, we need to look at the different “types” of
core-shell systems. There are three main types, characterized by the alignment of the
valence and conduction bands between the core and shell (Figure 19).14

Figure 19: Band (valence and conduction bands) alignment of different core-shell systems.

The first and most common core-shell system is type-I in which a higher bandgap
semiconductor shell is formed on the core, confining the exciton to the core. The primary
purpose of the type-I core-shell system is increasing fluorescence quantum yield by
passivating the surface of the core, as well as isolating the core from the environment and
reducing degradation. One of the first core-shell systems was CdSe-ZnS, which is the
focus of this study as well.21 In type-I systems, there is a characteristic slight red shift,
usually around 10 nm, of the fluorescence due to some leakage of the exciton from the
core into the shell. In reverse type-I systems, a narrower bandgap semiconductor is grown
onto a higher bandgap core, partially delocalizing charge carriers from the core to the
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shell. Reverse type-I core-shell quantum dots are used when control is wanted over the
red shifting of the fluorescence spectrum, as the shift can be controlled by changing the
coating thickness. The most common reverse type-I systems are CdS-CdSe and ZnSeCdSe. Type-II core-shell systems aim to significantly red shift the fluorescence, often
into wavelengths that are otherwise unattainable with the same materials. This is done by
coating the core with a shell that has a staggered bandgap from its own, creating a smaller
effective bandgap than either the core or shell. These core-shell types can be achieved
using a wide variety of combinations of materials depending on the desired band
alignment (Figure 20).

Figure 20: Electronic energy levels of selected III-V and II-VI semiconductors based valence band
offsets (CB = conduction band, VB = valence band).14

2.4.3 Choosing a Shell Material for Type-I Systems
For this study, we are going to focus on type-I systems, as the goal is to increase
the fluorescence quantum yield. Choosing a shell material involves both band alignment
and crystal structure. Since the shell is going to be grown epitaxially on the core, a
balance has to be made between bandgap alignment and lattice mismatch between the
core and the shell. If the lattice mismatch between the core and shell is too great, new
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defects can form at the interface, effectively reducing the desired increase in
fluorescence. When forming a shell on a core particle, the shell will tend to take the
crystal structure of the core to minimize lattice mismatch if the shell can form the crystal
structure of the core material. The other factor to account for in choosing a shell material
is the possibility of alloying between the core and shell. Since we want to fully confine
the exciton to the core, there should be a distinct change of electronic properties at the
interface, so alloying should not be present.
Considerations also have to be made for the deposition of the shell material onto
the core. The shell material should be able to be deposited in a colloidal system, at a
lower temperature than was necessary to nucleate the core. Using a lower temperature
allows the shell to be formed without growing the core significantly or nucleating
separate particles of the shell material.

2.4.4 CdSe-ZnS Core-Shell System
The CdSe-ZnS core-shell system was one of the first type-I systems to be studied,
and has been studied the most extensively (Figure 21).21 Due to the large difference in
bandgap between the CdSe core (1.74 eV) and the ZnS shell (3.61 eV), the exciton is
well confined to the core. The ZnS shell also passivates surface defects very well, greatly
increasing the fluorescence quantum yield.

Figure 21: Illustration of CdSe quantum dot before and after coating with ZnS.6
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ZnS can be deposited on CdSe cores from a variety of chemical precursors in a
colloidal system, such as pyrolysis of the organometallic precursors diethylzinc (or
dimethylzinc) and hexamethydisilathiane.15 These precursors will decompose at a lower
temperature than is necessary for CdSe nucleation, as low as 140 °C and as high as
200 °C.21
In addition, ZnS will crystallize in the zincblende structure on its own, but
wurtzite is also thermodynamically stable at room temperature and atmospheric pressure,
allowing epitaxial growth of wurtzite ZnS on CdSe cores. There is however ~12% lattice
mismatch between the CdSe and ZnS, so coatings thicker than 2 to 3 monolayers tend to
have decreased quantum yield due to the formation of new defects at the interface (Figure
22).21

Figure 22:2nd-order relationship between ZnS shell thickness and quantum yield, with PLQY
maximized between one and two monolayers.21
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CHAPTER 3 PROJECT OVERVIEW
3.1 Long Term Goals at Cal Poly
At Cal Poly, we would like to be able to use bright, efficient quantum dots in a
variety of applications without the expense and limited supply associated with purchasing
commercially available quantum dots. Commercially available CdSe-ZnS core-shell
quantum dots are expensive to purchase, at a cost of $25 to $300 per milliliter.1,6 In
addition to being expensive, using commercially available quantum dots in our
laboratories would limit the range of surface modifications that we would like to have
available for applications.
As described earlier, quantum dots can be used as a replacement for phosphors in
LEDs, converting blue or UV light to white or a range of other colors. In order to achieve
this goal, the quantum dots need to be suspended in a solid, preferably one that is
transparent. We would like to suspend quantum dots in a transparent polymer matrix,
such as polydimethylsiloxane (PDMS) with which we have extensive experience
processing for microfluidic applications. One of our goals is to suspend a mixture of
quantum dots in a PDMS membrane lens to modulate light levels and focus, increasing
the efficiency of white LEDs. To do this, we need to be able to produce bright, efficient
quantum dots that span a large portion of the visible spectrum, and are dispersible in high
concentration in silicone polymers.
A similar goal is to use quantum dots suspended in PDMS, or another polymer, to
convert incoming sunlight to more optimal wavelengths for absorption by silicon solar
cells. This application requires very similar capabilities as LED light conversion. Some
work has been done previously to achieve this goal, but used suspensions of quantum
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dots in microfluidic channels to convert light. This study found that higher loading of
quantum dots in the medium would be necessary to efficiently convert light.16
The other primary objective for quantum dots at Cal Poly is in bioimaging. As
described earlier, quantum dots can be used as fluorescent tags for imaging cells and
other biological media. The Cal Poly Biomedical Engineering Department would like to
attach biological tags to water soluble quantum dots and use them to image tissue over
long periods of time, utilizing the greater stability of quantum dots over organic dyes.20
All of these applications share a common theme: They all require bright, efficient
quantum dots that have stable fluorescence.

3.2 Previous Work at Cal Poly
In order to replace commercially available quantum dots in our labs, we need to
be able to repeatably synthesize quantum dots in our laboratories that are of similar
quality and efficiency. Prior work has been done at Cal Poly to synthesize quantum dots
across much of the visible spectrum.
Aaron Lichtner first synthesized CdSe quantum dots at Cal Poly based on a
procedure by Nordell et al.17,18 Lichtner was able to conclude from his processing
methods that we can repeatably synthesize cadmium selenide quantum dots that fluoresce
in the 530 to 600 nm range of the visible spectrum. He also concluded that the quantum
dots produced by this process had a FWHM slightly larger than commercially available
quantum dots, and that their fluorescence was approximately four times weaker than
commercially available quantum dots (Figure 23). The other important conclusions of his
work were that the process could repeatably produce quantum dots that had fluorescence
center wavelengths within ±8 nm of the target values, and that the cost was
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approximately 100 times less than purchasing commercial quantum dots, after correcting
for the difference in fluorescence intensity.

Figure 23: Comparison of commercial QDs and QDs synthesized at Cal Poly showing much greater
fluorescence intensity for commercially available quantum dots than those synthesized at Cal Poly.18

The next work that was done at Cal Poly involved adding a ZnS coating to the
CdSe quantum dots. Sabrina Bruce-Akman used a ZnS coating procedure adapted from
Pellegrino et al. to coat CdSe quantum dots in octadecene.19,20 Her study focused only on
the effect of shell thickness, as prescribed by the volume of precursor injected into the
reaction. The main conclusion of her work was that we can successfully coat CdSe
quantum dots in octadecene with ZnS, increasing their brightness.

3.3 Problem Description
This study aims to characterize and optimize the process for significantly
increasing the quantum yield of CdSe quantum dots suspended in octadecene by coating
them with a ZnS shell without greatly increasing the size dispersion of particles in the
solution or significantly shifting the fluorescence center wavelength, which were
problems encountered during our previous studies.20
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3.3.1 Important Factors
The two factors that were varied in this experiment were the thickness of the ZnS
shell thickness and the ratio of zinc to sulfur precursors in the injection solution.
As mentioned before, the thickness of the ZnS shell has a significant effect on the
increase in quantum yield over uncoated CdSe quantum dots. Thin shells tend to exhibit
poor passivation of surface defects, while thick shells passivate surface defects, but
introduce new defects at the interface between the core and shell due to lattice mismatch.
Since the goal of coating is to increase the quantum yield of the quantum dots, controlling
the ZnS shell thickness is important. The ZnS shell thickness is primarily changed by
controlling the volume of ZnS precursor solution injected into the reaction vessel, of
which the reaction yield dictates how much ZnS deposits on the surface of the CdSe
cores. From literature, as well as preliminary testing, the relationship between ZnS shell
thickness and quantum yield fits a 2nd-order polynomial (Figure 22).21
The ratio of zinc and sulfur precursors, diethylzinc and hexamethyldisilathiane
respectively, controls the reaction in which ZnS is formed as a shell on the CdSe cores.
The precursor ratio determines which species is the limiting reagent in the reaction, the
reactivity of precursors, and therefore, the reaction yield.

3.3.2 Response Variables
This experiment used the change in photoluminescence quantum yield (PLQY)
due to coating CdSe quantum dots with ZnS as the primary response variable. The
quantum yield, which is the ratio of photons emitted to photons absorbed, is the most
important response variable because it tells us how efficiently the quantum dots are able
to convert light. The other response variables that were measured in this experiment were
the full-width-at-half-maximum (FWHM) and the change in center wavelength of the
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fluorescence curve (CWL shift) (Figure 24). The FWHM of the fluorescence curve is a
measure of the particle size dispersion in the sample, and the shift in center wavelength
gives a basis for determining the color output of the resulting sample. There is a red shift
in the fluorescence curve associated with the ZnS coating process, which can be broken
down into core growth due to heating and leakage of the exciton from the core into the
shell (Figure 25).

Figure 24: FWHM and CWL of a Gaussian distribution.

Figure 25: Red shift of the fluorescence spectrum due to the ZnS coating process.
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The goal of this study was to find an optimal combination of ZnS shell thickness
and Zn:S ratio that maximizes quantum yield, and minimizes the FWHM and change in
center wavelength.

3.3.3 Experimental Design
Since the focus of this study was optimizing the zinc-sulfide coating process to
produce core-shell quantum dots with high quantum yield, finding the optimal
combination of the two factors that produces the highest quantum yield was of utmost
importance. To find this optimal combination, an experiment had to be designed that
would allow a large area of design space to be tested in a minimal number of tests due to
time and resource constraints.
To effectively test the design space, a response surface methodology type of
experiment was employed. Factorial designs are generally used when the response of a
factor can be modeled as a 1st-order polynomial, but when the responses of at least one of
the factors is better modeled as 2nd-order polynomials, response surface methodology can
be helpful in optimizing the response based on both factors.22 There are many types of
response surface designs that can be used, and all were considered as options in selecting
an appropriate design for this experiment. Some of the most commonly used response
surface designs are the central composite design (CCD), Box-Behnken design, and
Plackett-Burman design. For this experiment, a CCD was used to generate the response
surface because it would allow a large design space to be tested efficiently. A CCD is an
experimental design that is useful for building 2nd-order regression models without the
need for a factorial experiment with three or more levels. The levels for a central
composite design are determined by rotatability around the center design point. Using a
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rotatable design makes the design balanced by having all points equidistant from the
center. For a 2-factor circumscribed design, the outer points are ±1 and ±1.414 in coded
variables (Figure 26).22

Figure 26: Levels of a circumscribed central composite design.

Since the experiment built on Bruce-Akman’s work as the baseline for ZnS
coating in our processing steps, her design parameters were used as the center point of the
design.20 In her processing, she used a ZnS precursor solution that contained
approximately 0.8 mmol diethylzinc (ZnEt2), 1 mmol hexamethyldisilathiane ((TMS)2S)
in 5.6 mL of tributylphosphine (TBP) giving a 0.8:1 Zn:S ratio. The volume of reactant
injected in her study correlated to a ZnS shell thickness of approximately three
monolayers given a 40% reaction yield (to be discussed in section 4.3 ). The coded and
uncoded variables of the design are displayed in Table IV, and graphically in Figure 27.
The outer points were replicated twice and the center point four times to better estimate
the curvature of the surface. In addition, the coatings were performed in a fullyrandomized order (Appendix C).
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Table IV: Levels of variables for ZnS coating CCD experimental design.

Level

Zn:S Ratio (mmol)

-1.414
-1
0
1
1.414

0.23:1
0.40:1
0.80:1
1.20:1
1.37:1

Theoretical ZnS
Shell Thickness
(monolayers)
0.53
1.25
3.00
4.75
5.47

Central Composite Design
6.00

ZnS Shell Thickness (monolayers)

0.80, 5.47

0.40, 4.75

5.00

1.20, 4.75

4.00

3.00
0.23, 3.00

0.80, 3.00

1.37, 3.00

2.00

1.00

0.40, 1.25

1.20, 1.25
0.80, 0.53

0.00
0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

Zn:S Ratio (mmol Zn: 1 mmol S)

Figure 27: Graphical representation of the central composite design points used in this study.
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CHAPTER 4 MATERIALS AND METHODS
4.1 Processing Flow
To accurately test the effects of a ZnS coating on CdSe quantum dots, a process
flow had to be developed to synthesize, coat, and characterize the quantum dots (Figure
28). After synthesizing the CdSe quantum dots, they were characterized, then coated with
ZnS, and characterized again. Following this procedure allowed direct comparisons
between coated and uncoated quantum dots to be made, thus characterizing the effects of
the ZnS coating process.
Synthesize CdSe
QDs in ODE
Coat with ZnS
Dilute with ODE
and test PLQY

Precipitate and
resuspend in
chloroform

Uncoated CdSe
QDs
Dilute with ODE
and test PLQY

Precipitate and
resuspend in
chloroform

Evaporate
chloroform

Evaporate
chloroform

Dissolve with
acids and dilute
with water

Dissolve with
acids and dilute
with water

Atomic
absorption
spectroscopy

Atomic
absorption
spectroscopy

Figure 28: Processing paths for QDs synthesized.

4.2 Cadmium Selenide Synthesis
Cadmium selenide (CdSe) quantum dots were synthesized to serve as the core for
cadmium selenide-zinc sulfide (CdSe-ZnS) core-shell quantum dots. Figure 29 illustrates
the process flow for synthesizing CdSe quantum dots.
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Create
SeTOP
solution

Create Cd
oleate
solution

Inject
SeTOP into
Cd Oleate

Nucleate
and grow
CdSe QDs
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Figure 29: CdSe synthesis process flow

Large batches of CdSe quantum dots had to be synthesized to reduce the batch to
batch variability between ZnS coatings that would be introduced if multiple smaller
volume CdSe batches were used. To produce an increased volume of CdSe quantum dots,
the procedure developed by Lichtner at Cal Poly was modified to scale to a larger
volume. While this procedure resulted in a lower concentration than smaller batches, it
did not negatively affect the ability to coat the CdSe particles with ZnS. The following
materials were used in the synthesis of CdSe quantum dots: Trioctylphosphine (TOP,
90%), octadecene (ODE, 90%), oleic acid (OA, 90%), and selenium powder (Se, 99%)
were obtained from Sigma Aldrich. Cadmium oxide powder (CdO, 98.9%) was obtained
from Alfa Aesar. All liquid chemicals and vessels were purged with N2 gas prior to and
during reactions to prevent oxidation, and the vessels were sealed with rubber septa.
Heating was achieved using a heating mantle connected to a variac (variable
autotransformer). Temperatures were measured by a thermocouple inserted into the
reaction vessel. Stirring was achieved with a magnetic stir bar spinning at approximately
400 rpm. A modified version of the small batch synthesis process using an oil bath for
heating was also developed, and can be found in appendix A. The large batch synthesis
process proceeded as follows:
1. A SeTOP solution was prepared by dissolving Se powder in TOP and ODE at
150 °C in a 50 mL round bottom flask, heated by a silicone oil bath, with stirring.
This solution was then allowed to cool to room temperature and stored for use in
step 4.
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2. A cadmium oleate solution was prepared by dissolving CdO powder in OA and
ODE at approximately 235 °C in a 250 mL three-neck round bottom flask with
stirring, heated by a heating mantle controlled by a variac.
3. The temperature of the cadmium oleate solution was then lowered to
approximately 225 °C and allowed to stabilize.
4. 5 mL of the SeTOP solution was swiftly injected and the reaction time monitored.
5. When the desired reaction time was reached, the flask was removed from the
heating mantle and quenched in a room temperature silicone oil bath until the
solution reached room temperature.
Two batches of CdSe quantum dots were synthesized according to the preceding
procedure. Attempts were made to keep the masses and volumes of reactants, as well as
temperatures, constant between the two reactions, changing only the reaction time to
induce a change in fluorescence wavelength. Two batches of CdSe quantum dots were
synthesized using the quantities listed in Table V under the conditions listed in Table VI
to produce two sizes of CdSe quantum dots that fall within our processing capabilities.
Table V: Masses and volumes of reactants and solvents in two large batch CdSe syntheses.
Species
Se
TOP
CdO
ODE in SeTOP
ODE in Cd-Oleate
Oleic Acid

Synthesis #1
61.0 mg
0.8 mL
66.0 mg
10 mL
99 mL
3.0 mL

Synthesis #2
64.2 mg
0.8 mL
63.7 mg
10 mL
99 mL
3.0 mL

Table VI: Conditions for preparation of precursors and two large batch CdSe syntheses.
Condition
SeTOP prep temperature
Cd-Oleate prep temperature
CdSe reaction temperature
CdSe reaction time

Synthesis #1
150 °C
235 °C
231 °C
90 seconds

Synthesis #2
150 °C
237 °C
223 °C
481 seconds

After the CdSe quantum dots were synthesized, their absorbance and fluorescence
were measured to determine the concentration, particle size, and fluorescence FWHM
(Table VII). Fluorescence was measured using a Jasco FP-6500 spectrofluorometer and
absorbance was measured using a Jasco V-550 spectrophotometer (Figure 30).
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Figure 30: Absorbance spectra from 2 large batches of uncoated CdSe QDs.

The particle diameter was determined using an equation developed by Yu et al.
that correlates particle diameter determined by transmission electron microscopy (TEM)
to the first excitonic absorbance peak from many sources in literature and their own
experiments (Equation 2).23 The concentration was determined using Beer’s Law
(Equation 3), where A is absorbance (optical density), ϵ is the molar extinction
coefficient (cm-1M-1), C is the concentration (Molar), and L is the path length (cm). The
extinction coefficient used in Beer’s Law was also determined by Yu et al. as a function
of particle diameter (nm) (Equation 4).
Equation 2: CdSe particle
diameter as a function of
the first excitonic
absorbance peak.
Equation 3: Beer-Lambert
Law
Equation 4: Exctinction
coefficient as a function of
CdSe particle diameter.
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Table VII: Measured values for CdSe syntheses
Value
λabsorbance
λfluorescence
Approx. Concentration
Mean Particle Size
FWHMfluorescence

Synthesis #1
500 nm
520 nm
12.7 µM
2.34 nm
32 nm

Synthesis #2
530 nm
556 nm
14.2 µM
2.69 nm
36 nm

The fluorescence FWHM of samples produced in larger batches tended to be
greater than that of smaller batches, primarily due to the large amount of fluid that had to
be cooled at once. For nucleation and growth processes, the rate at which the growth is
stopped (cooling rate) determines the distribution of particle sizes in the mixture. When
the sample is quenched very quickly, the FWHM tends to be smaller, and tends to be
broader when the sample is cooled more slowly. Since the fluorescence wavelength is
directly correlated to the particle size, as dictated by quantum confinement, a broad
FWHM indicates a broad distribution of particle sizes in the mixture.

4.3 ZnS Coating of CdSe Quantum Dots
CdSe quantum dots were coated with ZnS using a procedure adapted from the
process developed by Bruce-Akman. This procedure was adapted to incorporate varying
zinc and sulfur precursor ratios and volumes, as related to theoretical ZnS shell thickness.
As with the CdSe synthesis procedure, all chemicals and vessels were purged with N2 gas
immediately prior to use, as well as during reactions.
Heating for this reaction required a somewhat greater degree of control than
heating the CdSe reaction, but at a lower temperature. Since the reaction times for CdSe
were relatively short, temperature control could be maintained with a heating mantle.
However, for the ZnS coating procedure, a constant temperature had to be maintained to
remove the effect of temperature variations on the coating process, as it was not a factor
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of interest in this study. Preliminary experiments showed that the time and temperature
relationship had a relatively significant effect on the fluorescence wavelength of the
quantum dots after coating due to red shifting caused by Ostwald ripening during heating.
Heating the CdSe solution with a heating mantle required slow heating from room
temperature, for which the necessary time varied even when using the same settings. The
fluorescence curves show that while the ZnS coating procedure increased the
fluorescence significantly over uncoated samples for both coated samples, when longer
heating times were used, there was a greater red shift in the fluorescence due to greater
CdSe core growth (Figure 31).

Figure 31: Effect of time to ramp up to coating temperature on fluorescence spectra indicating a
difference in red shift during the coating process for different ramp up times (excitation at 480 nm).

To remediate the problems encountered with inconsistent red shifting, a silicone
oil bath was used with positive temperature feedback obtained by a temperature probe in
the oil bath to heat the reaction vessel. The oil bath was stirred using the stirring function
of the hotplate with a flat stirrer to ensure even heating of the reaction vessel throughout
the oil. By using the oil bath, a flask of CdSe quantum dots at room temperature could be
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added to preheated oil which had already stabilized at the required temperature, allowing
for fast heating and much greater temperature control, yielding more consistent results.
As with the CdSe synthesis, the formation of ZnS as a shell on CdSe quantum
dots is achieved through a colloidal process under N2 gas flow. The ZnS shell deposits
onto the CdSe core through the pyrolysis of zinc and sulfur organometallic precursors
into zinc and sulfur ions, forming ZnS (Figure 32).

Zn2+
ZnS
S2Figure 32: Pyrolysis of diethyl zinc and hexamethyldisilathiane into zinc and sulfur ions, which then
forms ZnS.

The process by which the shell is grown on the core quantum dots involves slow,
dropwise injection of a ZnS precursor into a flask of hot CdSe quantum dot solution
(Figure 33). The amount of ZnS precursor injected affects the thickness of the shell
created on the CdSe cores. The variables in this study were the zinc to sulfur ratio in the
precursor solution used in the creation of the ZnS precursor solutions and the amount of
the precursor solution injected during the coating process, which directly correlates to the
thickness of the ZnS shell.
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Figure 33: Process flow for coating CdSe QDs with ZnS shell.

To determine the volume of ZnS precursor to inject into the CdSe solution, it was
necessary to know the CdSe particle size and concentration of particles in the solution
(Table VII), as well as the volume of CdSe solution, and the desired ZnS shell thickness.
Assuming 100% reaction yield, the following equations were used to determine the
number of moles of ZnS needed to coat the CdSe cores with a specific shell thickness
(Equation 5, Equation 6, and Equation 7).14 In these equations, VZnS(MLx) is the volume
of the shell comprising X monolayers of ZnS, rCdSe is the radius of the core CdSe
nanocrystals, d is the thickness of one monolayer of ZnS, nZnS(MLx) is the number of
monomer units of ZnS per CdSe nanocrystal, ρZnS is the bulk density of ZnS in the
wurtzite phase, mZnS is the mass of a shell monomer unit, NZnS is the number of moles of
ZnS precursor needed to grow x monolayers of ZnS, and NCdSe is the number of moles of
CdSe nanocrystals in the reaction volume. For ZnS, d is 0.31 nm which is the nearest
neighbor distance along the [002] axis in bulk wurtzite ZnS.24 For other bulk properties
needed for these calculations, see Table I.
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Equation 5: Volume of X
monolayers of ZnS on a CdSe core
of radius r.
Equation 6: Number of ZnS
monomers in X monolayers.
Equation 7: Moles of ZnS needed
to coat NCdSe moles of CdSe
quantum dots with X monolayers.

However, the assumption of 100% reaction yield was not accurate due to
incomplete decomposition of precursors and precursors sticking to vessel walls. A test
was devised to determine the approximate reaction yield. In this test, the approximate
reaction yield was determined by varying the assumed reaction yield in the coating
process, and coating CdSe quantum dots with the respective volume of ZnS precursor
solution. From literature, it has been established that a ZnS shell thickness of
approximately two monolayers should yield the greatest quantum yield (PLQY).
Knowing this, calculations were done to determine the volume of precursor needed to
create a shell that was two monolayers thick on a 3 mL sample of CdSe quantum dots
that were approximately 2.3 nm in diameter, from the absorbance peak at 494 nm, with a
concentration of 10.2 µM. For this test, the baseline Zn:S ratio of 0.8:1 from BruceAkman’s work was used. Following the coating process, the fluorescence and absorbance
of the coated quantum dots were measured. Since quantum yield is the ratio of the
number of photons emitted (the area under the fluorescence curve) to the number of
photons absorbed, the fluorescence curves were normalized to the same absorbance, and
then integrated. From this test, it was found that the relative quantum yield was greatest
when a 40% reaction yield assumption was used; correlating to an ZnS shell thickness of
approximately two monolayers (Figure 34).

41 | P a g e

Figure 34: Integral of the fluorescence curve for samples assuming varying reaction yield in order to
form 2 monolayers of ZnS on CdSe quantum dots, normalized to the same absorbance at the
excitation wavelength (385 nm) for all samples.

Now that the reaction yield for the decomposition of ZnEt2 and (tms)2S to a ZnS
shell had been better approximated, ZnS precursor solutions were made and coating
could proceed. First, the ZnS precursor solution had to be created. The ZnS precursor
solution consisted of tributylphosphine (TBP), diethylzinc (ZnEt2), and
hexamethyldisilathiane ((tms)sS). All of the chemicals were acquired from Sigma-Aldrich
and used without further purification. The process is outlined in greater detail in appendix
B as well. The process for creating the ZnS precursor solutions was as follows:
1. The TBP was purged with nitrogen for 10 – 15 minutes.
Simultaneously, a 50 mL round-bottom flask sealed with septa and containing a
stir bar, was purged with nitrogen.
2. 5.6 mL of TBP was transferred into the flask using a syringe.
3. The ZnEt2 was purged with nitrogen for 5 minutes.
4. While the ZnEt2 was being purged, 0.22 mL (1.04 mmol) of (tms)2S was
transferred to the flask containing TBP using a syringe.
5. The desired volume of ZnEt2 was transferred to the flask containing TBP and
(tms)2S using a syringe (Table VIII).
6. The solution was stirred at 500 rpm, without heating, for 20 minutes to fully mix.
7. The solution was transferred to a vial and capped with a septum, then purged with
nitrogen for 5 to 10 minutes. Once made, the solutions could be stored for up to
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one week without significant degradation. If the solution turned cloudy, it was a
sign of degradation due to oxygen exposure, and the solution was discarded.
Table VIII: Moles of precursors and volume of solvent in precursor solutions
Solution
Number
1
2
3
4
5

ZnEt2 (mmol)

(tms)2S (mmol)

TBP (mL)

0.243
0.416
0.832
1.248
1.420

1.04
1.04
1.04
1.04
1.04

5.6
5.6
5.6
5.6
5.6

After the ZnS precursor solution was made, an aliquot (volume determined by precursor
ratio and desired shell thickness) was injected dropwise into the CdSe solution at 160 °C
to coat the CdSe QDs with ZnS. The coating process proceeded as follows:
1. A silicone oil bath was heated to 160 °C and allowed to stabilize for at least 20
minutes.
2. As the oil bath heated up, 3 mL of CdSe solution was loaded into a 50 mL round
bottom flask away from oil bath.
3. The flask was purged with nitrogen for 10 minutes.
4. The flask was lowered into the oil bath and allowed to heat up and stabilize for 10
minutes, monitoring the temperature of the solution with a thermocouple in the
flask.
5. Simultaneously, the ZnS precursor solution was purged for 10 minutes.
6. The desired volume of ZnS precursor solution was injected into the CdSe flask
dropwise using a syringe over 2 minutes at a rate of approximately 0.5 mL per
minute.
7. The reaction was allowed to occur for 10 minutes, at which point the flask was
removed from the oil bath and allowed to cool to 60 °C.
8. When the solution reached 60 °C, 1 mL of butanol was swiftly injected to quench
the reaction and prevent flocculation.
9. The sample was removed to a vial upon reaching room temperature.
After the samples were coated, they were either precipitated and prepared for further
analysis or their PLQY was characterized as prepared.

4.4 Precipitation and Redistribution
To separate quantum dots from the ODE solvent, precipitation by an anti-solvent
and centrifugation were employed, following the procedure developed by Tommy
Garting with very little modification.25 This process was used to remove unreacted
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precursors as well as to allow changes in solvent to be made. The anti-solvent used for
precipitation was 99.5+% ethanol (Acros Organics); lower purity ethanol did not result in
effective precipitation. Following precipitation, quantum dots could be resuspended in a
variety of organic solvents such as toluene or chloroform. The process proceeded as
follows:
1. The desired volume of ODE dispersed quantum dots was transferred into a
centrifuge tube using a transfer pipette or syringe.
2. At least double the volume of ethanol was added to the centrifuge tube.
3. The tube was capped and shaken to form an emulsion. If the mixture did not
emulsify, additional ethanol was added until an emulsion was formed.
4. The tube was loaded into a centrifuge with a matching tube to balance the weight.
5. The sample was centrifuged at 3000-4000 rpm for 5 minutes.
6. The clear or cloudy supernatant was carefully removed using a transfer pipette
and discarded, making sure not to disturb the quantum dot layer in the bottom of
the tube.
Option: If the supernatant is cloudy, its fluorescence can be measured to
determine if quantum dots have size selectively precipitated. Larger quantum dots
will precipitate first, leaving small quantum dots in supernatant. If this is the case,
the cloudy supernatant can be loaded into another centrifuge tube, ethanol added,
and centrifuged again until precipitated.
7. Ethanol was again added to the quantum dot solution remaining in the centrifuge
tube and the process repeated from step 2 until shaking with ethanol no longer
forms an emulsion. Typically two to four cycles were required to fully precipitate
the sample.
8. Once a precipitate was formed that will not disperse in ethanol, the precipitate
could be resuspended in chloroform, toluene, or other organic solvents.
Option: If remnants of ethanol are unacceptable, samples can be dried in a low
temperature oven at approximately 80 °C for 20-30 minutes prior to resuspension.
It should be noted that for some samples with thick ZnS coatings (greater than 3-4
monolayers) irreversible flocculation, which is the loss of suspension of a colloid, often
occurred. Partial resuspension (25 to 50%) was sometimes possible by adding ligand,
TOP or TBP, to the suspension and stirring for 2 to 3 hours with low heat at
approximately 50-70 °C.
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4.5 Characterization
The primary response variable for this study was the photoluminescence quantum
yield, with the FWHM and change in CWL being secondary. The fluorescence
measurements acquired when testing the PLQY were used to determine the FWHM and
change in CWL between the uncoated and coated samples.
Photoluminescence quantum yield (PLQY) is the number of photons emitted by a
sample divided by the number of photons absorbed. It is measured through absorbance
and fluorescence measurements. Absorbance was measured on a Jasco V-550
spectrophotometer and fluorescence was measured on a Jasco FP-6500 fluorescence
spectrophotometer. In a dual beam spectrometer, the absorbance is measured in
comparison to a reference sample, which is generally a cuvette filled with the same
solvent as the sample is suspended in (Figure 35). This study, octadecene was used as the
solvent.

Figure 35: Schematic of a dual beam spectrophotometer like the Jasco V-550.

Fluorescence is measured at 90° to the excitation beam to greatly reduce the
amount of excitation light that makes it to the detector so that almost all of the light
hitting the detector is due to the fluorescence of the sample (Figure 36).
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Figure 36: Schematic of a spectrofluorometer such as the Jasco FP-6500

When measuring quantum yield, a reference dye is generally used with a known
quantum yield (Equation 8).26 In this experiment however, we were only concerned with
the increase in quantum yield between coated and uncoated samples, so the uncoated
sample was used as the reference and normalized to a quantum yield of 1. In the equation
Q is the quantum yield, I is the integrated intensity of the fluorescence curve, A is the
absorbance (optical density) at the excitation wavelength, and n is the index of refraction
of the solvents, the subscript X stands for the sample and R stands for the reference.

Equation 8: Quantum yield
compared to a reference dye.

It is important to minimize reabsorption effects, so all samples had to be diluted to
an absorbance of less than 0.1 at the excitation wavelength, which was 460 nm in this
study. Due to the risk of samples not resuspending following precipitation by
centrifugation, all of the samples were tested as prepared in ODE, diluted to at least 15
parts ODE to 1 part quantum dot solution (absorbance less than 0.1). Since the solvent
was the same for the sample and the reference, the index of refraction term in the
quantum yield equation was unity.
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Prior to integrating the fluorescence spectra, the spectra were fitted to amplitudeweighted Gaussian functions using OriginPro software (Equation 9, Figure 37).
Equation 9: Amplitude-weighted
Gaussian function.

Figure 37: Amplitude-weighted Gaussian function.

The raw fluorescence data included the excitation peak, which sometimes
overlapped with the emission spectrum slightly, as well as scattering due to the solvent
and instrument noise. By fitting the curve, only the emission was integrated, giving a
better approximation of the quantum yield. It can be seen in Figure 38 that the Gaussian
fit was very close to the raw data (R2 ≈ 0.98) so the difference in area between the raw
data and the fitted data was negligible.

Figure 38: Raw and Gaussian fitted fluorescence spectra.

47 | P a g e

CHAPTER 5 RESULTS
5.1 Flocculation
After coating the CdSe samples in ZnS, one of the most obvious observations
other than increased fluorescence was that in certain samples, the quantum dots either
partially or fully flocculated, forming a precipitate at the bottom of the vial (Figure 39).
Samples that flocculated could not be accurately tested and were therefore excluded from
the data analyzed in the following sections.

Figure 39: (A) Full suspension (B) Partial precipitation (C) Full precipitation (D-F) Corresponding
fluorescence for A-C. In (F), the color of the supernatant is due to scattering; only the precipitate is
fluorescing. It can be seen that even when partially or fully precipitated, the quantum dots still
fluoresce brightly.

Flocculation occurred primarily in samples that had a low zinc to sulfur ratio and coating
thickness of 3.0 monolayers or greater (Figure 40). For the 2.34 nm CdSe cores, seven of
the twenty samples flocculated, and for the 2.69 nm CdSe cores, eight of the twenty
samples flocculated. Flocculation of these samples greatly reduced the sample size of this
study.
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Figure 40: Full central composite design and combinations for which at least one sample
precipitated.

5.2 Quantum Yield
The primary response of interest in the study was the increase in fluorescence of
the quantum dots caused by the coating, which was characterized by the relative quantum
yield (PLQY), using the uncoated samples as a reference. The samples were coated
according to a fully-randomized run order (Appendix C) in two separate sets, one for
each CdSe core size (2.34 nm and 2.69 nm).
It was found that for the 2.34 nm CdSe cores, neither the Zn:S ratio nor the ZnS
shell thickness had a significant effect on the PLQY at a 95% confidence level, with pvalues of 0.66 and 0.21 respectively (Figure 41, Figure 42). It should be noted, however,
that all of the samples had increased quantum yield over the uncoated samples, with a
minimum of 2.03, maximum of 9.45, and a mean of 5.89 with a standard deviation of 1.8
(uncoated was normalized to 1 and used as a reference). It can be seen in Figure 42 that
there was a general trend towards increasing quantum yield with increasing Zn:S ratio,
with the lowest ratio (0.23:1) causing flocculation.
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Figure 41: Boxplot of quantum yield vs shell
thickness for d= 2.34 nm CdSe cores. Star
indicates precipitation and so no data could be
collected.

Figure 42: Boxplot of quantum yield vs Zn:S
ratio for d= 2.69 nm CdSe cores. Star indicated
precipitation and so no data could be collected.

Since the factors were not completely independent of each other, it was more appropriate
to look at the effects of both factors together to determine the combination that increased
the quantum yield the greatest amount (Figure 43). It can be seen that the greatest
increase in quantum yield was achieved by using a coating thickness of 3 monolayers and
Zn:S ratio of 1.37.

Figure 43: Boxplot of quantum yield vs ratio and thickness for d= 2.34 nm CdSe cores. Star indicates
precipitation and so no data could be collected.
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Figure 44: Average PLQY vs ratio and thickness for d= 2.34 nm CdSe cores.

For the 2.69 nm CdSe cores, it was found that the ZnS shell thickness had a
significant effect on the quantum yield, while the Zn:S ratio did not, with p-values of 0.01
and 0.19 respectively (at a 95% confidence level). As with the 2.34 nm samples, the ZnS
coating increased the quantum yield of all of the samples (Figure 45, Figure 46). The
minimum was 2.35, the maximum was 5.49, and the mean was 4.11 with a standard
deviation of 1.11.
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Figure 45: Boxplot of quantum yield vs shell
thickness for d= 2.69 nm CdSe cores. Star
indicates precipitation and so no data could be
collected.

Figure 46: Boxplot of quantum yield vs Zn:S
ratio for d= 2.69 nm CdSe cores. Star indicates
precipitation and so no data could be collected.

For the 2.69 nm CdSe cores, the combination of 3 monolayers of ZnS and a 1.37:1 Zn:S
ratio generated samples with the highest quantum yield, as it had with the 2.34 nm CdSe
cores (Figure 47, Figure 48).

Figure 47: Boxplot of quantum yield vs ratio and thickness for d= 2.69 nm CdSe cores. Star indicates
precipitation and so no data could be collected.
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Figure 48: Average PLQY vs ratio and thickness for d= 2.34 nm CdSe cores.

While CdSe core diameter was not a factor in this study, the aim of the study was
to determine a combination of shell thickness and Zn:S ratio that would work for most of
the CdSe core diameter range that we have available in our labs, so it was of interest to
examine whether the core size had an effect on the quantum yield. It was observed that
the quantum yield of the 2.34 nm diameter samples was significantly greater than that of
the 2.69 nm samples with a p-value of 0.006, according to a 2-sample t-test (Figure 49).
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Figure 49: Boxplot of quantum yield vs CdSe core diameter.

5.3 Full-Width at Half-Maximum
The full-width at half-maximum of the fluorescence curve (FWHM) is a measure
of the particle size dispersion in the sample since the particle size is directly correlated to
the fluorescence wavelength. For most applications, having a small FWHM is desirable,
so the aim of this study was to determine processing conditions that minimized the
FWHM. The initial FWHM for the 2.34 and 2.69 nm diameter CdSe cores were 32 and
36 nm respectively.
No trend in FWHM was seen as a function of either Zn:S ratio or ZnS shell
thickness (Figure 50), which did not change more than ±5 nm for any sample.
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Figure 50: Change in FWHM vs Zn:S ratio and ZnS shell thickness for all of the samples showed no
trends based on either factor.

It was also found that there was no significant difference in the change in FWHM
between the two core sizes according to a 2-sample t-test, with a p-value of 0.83 (Figure
51).

Figure 51: Change in FWHM vs CdSe core size showed no significant difference.
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5.4 Center Wavelength Shift
The shift in center wavelength is important to observe because it allows us to
predict the color output of the final sample. Since the CdSe synthesis process is usually
tailored to produce specific colors, minimizing the shift in center wavelength is desirable.
It was found that neither the ZnS shell thickness nor the Zn:S ratio had significant
effects on the CWL shift, with p-values of 0.21 and 0.95 respectively. However, it was
observed that smaller shifts in CWL were found for higher Zn:S ratios, but no trend was
observed for ZnS shell thickness (Figure 52, Figure 53).

Figure 52: Boxplot of CWL shift vs Zn:S ratio and ZnS shell thickness, showing that a smaller CWL
shift was observed for samples with a higher Zn:S ratio, but that there was no trend with ZnS shell
thickness.
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Figure 53: Average CWL shift vs ratio and thickness.

It was also found that there was a significant difference in CWL shift between the
CdSe core sizes, with a p-value of <0.01 according to a 2-sample t-test. It can be seen that
the CWL shift was smaller for the larger 2.69 nm diameter CdSe cores (Figure 54).

Figure 54: Effect of CdSe core size on CWL shift.

As mentioned in section 4.3 , the red shift in fluorescence can be broken down
into two components: CdSe core growth due to heating and a red shift associated with the
57 | P a g e

coating itself. An experiment was devised to determine what proportion of the red shift
came from heating the particles and what proportion came from the ZnS coating itself. A
3 mL aliquot of each of the CdSe core samples was heated for 10 minutes as was done in
the ZnS coating procedure, at which point the sample was removed from the heat and
butanol injected at 60 °C, and then allowed to cool to room temperature. This test worked
on the principle that forming the ZnS shell stops the growth of the core. It was found that
the red shift was greater for the larger diameter CdSe cores, but the proportion of the shift
due to heating was approximately one-quarter for both sizes (Table IX, Figure 55).
Table IX: Center wavelength shift due to heating and ZnS coating

520 nm

CWL
After
Heating
528 nm

CWL Shift
Due to
Heating
8 nm

556 nm

559 nm

3 nm

Core
Diameter

Initial
CWL

2.34 nm
2.69 nm

552 nm

Average CWL
Shift for Coated
Samples
32 nm

568 nm

12 nm

CWL After ZnS
Coating

Proportion of CWL Shift Due to Heating and
ZnS Coating
35
Average CWL Shift
Due to Coating

CWL Shift (nm)

30
25

CWL Shift Due to
Heating

20
15
10
5
0
2.34

2.69

CdSe Core Diameter (nm)

Figure 55: Proportion of CWL shift due to heating and ZnS coating process.
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5.5 Optimization
The aim of this study was to optimize the ZnS coating process by maximizing the
quantum yield compared to uncoated samples, as well as minimizing the FWHM and
shift in center wavelength. The general trend observed from testing was that the greatest
quantum yield could be realized by using a high Zn:S ratio (1.37:1) with a medium
coating thickness (3 monolayers). The change in FWHM was small (less than ±5 nm) for
all the samples, and the CWL shift was smaller for samples with higher Zn:S ratios.
For this reason, four more combinations were identified for testing to optimize the
responses (Figure 56). These points were chosen because they explored a region around
the point that had the highest quantum yield as well as a good FWHM and small CWL
shift (1.37:1 Zn:S ratio and 3 monolayers ZnS). It had been seen that increasing the Zn:S
ratio increased the quantum yield, but it was unclear if this trend would continue linearly
or if a turnover point would be reached. Also, flocculation was less probable with
samples that had a high Zn:S ratio, so increasing the ratio beyond 1.37:1 may have
allowed a thicker coating to be formed, which was a region that lacked data due to
flocculation of many of the initial samples.
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Central Composite Design with Initial Points and New Points
for Optimization
6.00

ZnS Shell Thickness (monolayers)

0.80, 5.47

0.40, 4.75

5.00

1.20, 4.75

1.60, 4.75

1.20, 3.00

1.60, 3.00

4.00

3.00
0.23, 3.00

0.80, 3.00

Original

1.37, 3.00

New
2.00
1.60, 1.25

1.00

0.40, 1.25

1.20, 1.25
0.80, 0.53

0.00
0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

Zn:S Ratio (mmol Zn: 1 mmol S)

Figure 56: Graphical representation of the central composite design used for the initial samples,
along with the new points used for optimization.

One sample of 2.34 nm diameter CdSe cores was coated for each of the new
points because the 2.34 nm samples showed a greater increase in quantum yield than the
2.69 nm samples, and both samples showed the same trends. The data from the new
points was incorporated into the original data from the 2.34 nm diameter samples and
analyzed together.
From this new set of samples it was found that increasing the Zn:S ratio beyond
1.37:1 did not increase the quantum yield, indicating a turnover point in the PLQY versus
Zn:S ratio relationship (Figure 57). The relationship for PLQY versus ZnS shell thickness
held true as before. The optimization testing also showed that increasing the Zn:S ratio
beyond 1.37:1 did not create samples with a thicker ZnS shell thickness, as the sample
with a theoretical ZnS shell thickness of 4.75 monolayers formed using a 1.6:1 Zn:S ratio
flocculated.
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Figure 57: PLQY vs Zn:S ratio showing that the maximum quantum yield was obtained at a Zn:S
ratio of 1.37:1.

From the optimization of the quantum yield, it was confirmed that the highest
quantum yield was obtained with a ZnS shell thickness of 3 monolayers and a Zn:S ratio
of 1.37:1 (Figure 58, Figure 59, Figure 60, Figure 61). The FWHM and CWL shift of the
new samples were not more desirable than this combination, and were not significantly
different than the rest of the samples.
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Boxplot of PLQY vs Ratio, Thickness
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Figure 58:PLQY vs Zn:S ratio and ZnS shell thickness, indicating that the maximum quantum yield
was obtained with a Zn:S ratio of 1.37:1.
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Figure 59: Average PLQY vs ratio and thickness for all d= 2.34 nm samples, including new samples
for optimization.

62 | P a g e

Fluorescence of CdSe and CdSe-ZnS Core-Shell
Quantum Dots
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Figure 60: Fluorescence spectra of uncoated
d=2.34 nm CdSe quantum dots and coated
quantum dots with the highest quantum yield,
showing approximately a 4X increase in
fluorescence intensity, relating to a 9.45X increase
in quantum yield.

Figure 61: Left: CdSe sample prior to ZnS
coating. Right: Optimally coated CdSe-ZnS
core-shell sample. Samples excited by a
blacklight.

The ZnS coating process was also subject to a lot of variation due to factors that
could not be controlled, such as slight variations in temperature, injection speed and
volume, and rate and degree of precursor decomposition. Therefore the quantum yields
and changes in FWHM and CWL were not always repeatable, which can be seen when
looking at Table X. These four samples were prepared using the same Zn:S ratio and
theoretical ZnS thickness. A much larger sample size would need to be prepared to
determine the true means of the response variables, but time and resource constraints did
not allow it.
Table X: Four ZnS coatings performed with the same combination of factors, showing the large
variation in responses due to variations in processing
Sample
Number

PLQY

CWL Shift
(nm)

Change
FWHM (nm)

Mean

409%

43

3.1

StDev

190%

4.1

1.2

Range

452%

9

2.5
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CHAPTER 6 DISCUSSION
6.1 Flocculation
Since the ZnS shell thickness is dependent on the volume of precursor solution
that is injected, it makes sense that samples with low Zn:S ratios and high ZnS shell
thicknesses would flocculate. When using a solution that has a low zinc to sulfur ratio, a
greater volume of precursor solution has to be injected to form a ZnS layer than would be
necessary with a ratio closer to equimolar because zinc is the limiting reagent in this
reaction. Flocculation occurs not because of the excess of sulfur, but the excess of TBP
ligand in the system that comes along with larger volumes of precursor solution.
Colloidal suspensions of quantum dots are sterically stabilized, meaning that
ligands are adsorbed to the surface of the quantum dots, and the repulsion between
ligands stabilizes the colloid.12 However, when an excess of non-adsorbed ligand is added
to the system, there is an added force between the particles, called the depletion
attraction, which acts opposite to the repulsion created by steric stabilization.27 The
depletion attraction causes sterically stabilized colloids to flocculate because the total free
volume available to the ligands increases so much that the gain in entropy of the ligands
for moving into the free volume is greater than the loss of entropy of the particles,
causing a region to form between the particles that contains an insufficient concentration
of ligands and thus, flocculation of the colloid (Figure 62).
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Figure 62: Area between particles is depleted of ligands, causing an attractive force opposite to the
repulsion that stabilizes the colloid.

There are some applications, though, in which having a thick shell is desirable,
such as those which use non-inert solvents or charge-carrier scavenging species.28 For
this reason, an attempt was made to form a thicker ZnS shell with a high Zn:S ratio
(1.6:1). While flocculation was less probable for higher Zn:S ratios in other samples,
increasing it to 1.6:1 caused flocculation. This occurred because there are competing
forces at work in suspending quantum dots in solution. Increasing the concentration of
ligands can cause flocculation, so injecting larger volumes of precursor solution is
disadvantageous. However, with Zn-rich precursors, a thicker ZnS shell layer can be
formed because phosphine ligands coordinate better with metals than with chalcogenides,
such as sulfur.32 Using a Zn-rich precursor solution may form a Zn-rich coating, allowing
for the better coordination of zinc to the ligands to be utilized to form thicker coatings
without flocculation. However, this only holds true to a certain point, after which the
depletion forces may outweigh the stabilization created by having a Zn-rich shell, causing
flocculation, as occurred when attempting to create a ZnS shell of 4.75 monolayers using
a 1.6:1 Zn:S ratio. For this reason, it is believed that to form a thick coating without
causing flocculation, using a precursor with a Zn:S ratio slightly greater than equimolar
should be used, since an equimolar solution would use the least volume of precursor
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solution and a slightly Zn-rich solution would use the better Zn-ligand coordination to
stabilize the colloid.
Flocculation can occur due to another cause as well. The concentration of
quantum dots is very high in the solution, with 1015 to 1016 particles per cm3. When a
thick coating is formed on two nearby CdSe cores, a ZnS bridge can be formed between
particles, causing aggregation, at which point the stabilization from the ligands is
insufficient to stabilize a much larger particle, and flocculation occurs. This occurs
because growth of the ZnS shell is not perfectly isotropic, since growth is preferential
along the c-axis.15 This means CdSe cores with thick ZnS coatings tend to be somewhat
oblong, eventually merging into aggregates that encapsulate two or more CdSe cores.21

6.2 Quantum Yield
The effect of ZnS shell thickness on PLQY that was observed in this study agrees
with effects seen in the literature, as discussed in sections 2.4.4 and 3.3.1 , as well as
theory. Forming a ZnS shell with a medium thickness (3 monolayers in this case)
balances between a thin coating not having sufficient surface coverage to fully passivate
the surface and a thick coating causing new defects due to strain from lattice mismatch
(approximately 12%) between the core and shell.21
The relationship observed between increasing Zn:S ratio and increasing quantum
yield can be explained by considering the surface of the CdSe cores. When CdSe cores
are formed, more surface defects exist due to missing cadmium atoms than selenium
atoms because selenium can form dangling bonds while cadmium cannot, given
selenium’s valency of 6, allowing it to .15, 29 Since CdSe and ZnS are both II-VI
semiconductors with the same crystal structure (wurtzite), zinc atoms can fill in for the
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missing cadmium atoms at the surface, while sulfur cannot. So, when the ZnS precursor
is injected, zinc can first fill in the holes left by missing cadmium atoms at the surface,
and then the ZnS lattice will grow as sulfur bonds to the zinc at the surface, forming a
shell. Therefore, when using a solution with a higher concentration of zinc than sulfur,
better passivation of the CdSe surface can occur, increasing the quantum yield. This trend
holds true until a significantly higher Zn:S ratio (1.6:1), at which point the quantum yield
decreases most likely due to a large excess of zinc precursor in the reaction, which may
have formed a ZnS shell thicker than intended (3 monolayers).
However, this decrease in quantum yield could also have been caused by small
variations in the processing, since only one sample was made at each of the new data
points. As seen in section 5.5, the standard deviation of the quantum yield for four
samples processed under the same conditions was 190% and the mean was 409%,
indicating a large amount of variation in the processing. Much of this variation can be
traced to lack of control in some of the processing conditions, such as small variations in
volume and rate of precursor injection,
The difference in the increase in relative quantum yield between coatings
performed on the two core diameters can be attributed to the initial quantum yield of the
cores. The quantum yield of the 2.69 nm diameter CdSe cores was higher than that of the
2.34 nm diameter CdSe cores by approximately 20%, indicating less surface defects. So
when the ZnS shell is formed, the CdSe surface experiences less passivation, and
therefore a smaller increase in quantum yield. In addition to the difference in quantum
yield of the initial CdSe cores, a consideration should be made for the increase surface
area to volume ratio of the small CdSe cores. Since a 2.34 nm sphere has ~13% greater
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surface area to volume ratio than 2.69 nm sphere, the effects of surface defects, and by
extension their passivation, are more pronounced than they would be in larger particles
(Figure 49).

6.3 Full-Width at Half-Maximum
There was not a significant change in the FWHM of the samples due to the ZnS
coating process, with a change of less than 5 nm in either direction. Some of the samples
had a slightly increased FWHM, while others had a slightly decreased FWHM. There is
some degree of size distribution focusing and defocusing due to particle growth
associated with heating the CdSe core solution. When there is a high monomer
concentration, such as occurs during the initial growth phase during CdSe synthesis, the
size distribution focuses. However, once the monomer concentration is depleted, the size
distribution defocuses, increasing the FWHM.12 When heating the CdSe core solution,
both of these modes may be possible because excess cadmium and selenium precursors
were not removed from the solution prior to heating. This can be attributed mostly to
variations in the processing, indicating a need for greater control in processing (Table X).

6.4 Center Wavelength Shift
The center wavelength shift that occurred during the coating process can be
broken down into two primary components, growth of the CdSe cores when heated prior
to injecting the precursor solution and a red shift associated with the ZnS coating itself.
When heating the CdSe samples, the particles grow by Ostwald ripening. Ostwald
ripening is a phenomenon in which material leaves the surface of smaller particles and
deposits onto the surface of larger particles due to a thermodynamic driving force to
reduce the total surface energy of the system (Figure 63).
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Figure 63: Illustration of Ostwald ripening.

The difference in CWL shift for the 2 sizes of cores due to Ostwald ripening can
be explained by Equation 10.30 In this equation, r is the average final particle radius, r0 is
the average initial particle radius, γ is the surface energy of the particle, c is the solubility
of the particle material in the solvent, ν is the molar volume of the particle material, D is
the diffusion coefficient of the particle material, R is the ideal gas constant, T is
temperature, and t is time.
Equation 10: Particle growth due to Ostwald
ripening.

Since all of the samples were processed at approximately the same temperature (±2 °C)
for the same amount of time, and the constants (c, D, R, ν) are the same for all the
samples, the important terms to focus on are the initial particle radius and the total
surface energy of the system. For particles with a smaller average radius, the surface area
to volume ratio is higher than for larger particles, giving them greater total surface
energy. So under the same conditions, there is a greater driving force for particle growth
than for larger particles. The other consideration for the difference in CWL shift due to
Ostwald ripening is that larger particles require more material to be deposited on the
surface to experience a change in particle size than smaller particles, so the CWL shift
will be greater for smaller particles.
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The other portion of the CWL shift due to the ZnS coating process is most likely
due to partial leakage of the exciton from the CdSe core into the ZnS shell.21 Because the
interface between the ZnS shell and the CdSe is not perfectly separated and ZnS is not an
insulator, electrons and holes can leak into the ZnS lattice, causing a decrease in their
kinetic energy, red shifting the fluorescence.
It was also found that increasing the Zn:S ratio decreased the CWL shift (Figure
52), which can be traced to the availability of precursors to form the coating. It can be
assumed that when the ZnS shell is formed, growth of the CdSe is essentially stopped. As
discussed in section 6.2, a higher concentration of zinc in the precursor allows zinc to fill
in holes from missing cadmium atoms more effectively, so a higher Zn:S ratio would
begin forming a shell more easily than a low precursor ratio, stopping core growth.
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CHAPTER 7 OBSERVATIONS FROM SECONDARY TESTS
In addition to testing the effects of Zn:S ratio and ZnS shell thickness on the
quantum yield, FWHM, and CWL shift, other tests were performed to further
characterize the effects of the ZnS coating process on stability and to attempt to
determine the ZnS shell thickness, as well as determine if ligand changes significantly
affect the ZnS coating process.

7.1 Photostability
Many applications of quantum dots require that their fluorescence remain stable
over long periods of time under UV irradiation. Testing was performed to examine the
increased photostability of CdSe-ZnS core-shell quantum dots over uncoated CdSe
quantum dots. To test their photostability, both samples were transferred from ODE to
chloroform to simulate an environment that is not inert. They were then subjected to
intense UV light (8W lamp, 302 nm) for 12 hours while measuring their fluorescence. It
was found that samples without a ZnS shell degraded significantly during the time period,
with some samples even dissolving completely (Figure 64).
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Figure 64: CdSe quantum dots in chloroform dissociated after 12 hours of UV exposure.

The ZnS coated samples were more stable, but some of them lost their ligands,
which caused flocculation (Figure 65). However, even after flocculation, they still
fluoresced (Figure 66).

Figure 65: CdSe-ZnS quantum dots in chloroform flocculated after 12 hours of UV exposure.
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Figure 66: Fluorescence of CdSe-ZnS after flocculation (same sample as Figure 65).

7.2 TOP instead of TBP for ZnS Precursor Solvent
Since trioctylphosphine is somewhat less air-sensitive than tributylphosphine
(TOP oxidizes slowly while TBP is pyrophoric), testing was performed to see if changing
the solvent used for making the ZnS precursor would affect the resulting fluorescence
and absorbance. Both TBP and TOP are effective ligands at stabilizing quantum dots in
colloids, as the CdSe cores are stablilized by TOP ligands.21 When making the ZnS
precursors, TOP was substituted for TBP in the same volume and the procedure was
performed without any other modifications. As with samples made with TBP, the
increase in brightness was immediately noticeable, but only one sample was made, so no
conclusions could be drawn about the effects of changing the solvent on the fluorescence
characteristics. One of the downsides of using TOP, however, is that it oxidizes over
time, forming white trioctylphosphine oxide precipitates in the solution (Figure 67).21
These precipitates would need to be filtered out of the samples before any
characterization could be done, and exchanging the solvent to remove unreacted
precursors would be of greater necessity than for TBP stabilized QDs. The precipitates
are a sign that using TOP may make the solutions less air-stable over long periods of
time, unlike samples that use TBP.
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Precipitates

Figure 67: TOPO precipitates in CdSe-ZnS core-shell sample formed using TOP instead of TBP in
ZnS precursor solution.

7.3 Atomic Absorption Spectroscopy
Atomic absorption spectroscopy (AAS) was used in an attempt to determine the
ZnS shell thickness on the CdSe quantum dots, adapted from a procedure developed in a
partnership between Evident Technologies and Siena College.31 In this method, the
concentration of cadmium and zinc are found, and the ZnS shell thickness is calculated
based on the ratio of cadmium to zinc, given the core size determined from absorbance
measurements.
The way in which atomic absorption spectrophotometry finds concentrations
should first be explained, though. AAS works in a similar manner to UV-VIS
spectrophotometry (Figure 35), with a few notable exceptions (Figure 68). The light
source is a hollow cathode lamp with a cathode made of the element that is to be detected
and the absorbing species is a solution of ions that is nebulized and turned into atoms by
a flame. Also, the reference sample is a calibration curve created using stock solutions of
increasing concentration within the desired measurement range.
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Figure 68: Schematic of atomic absorption spectrophotometer (AAS).

Stock solutions of varying concentrations within the desired detection range are
tested to develop a calibration curve of concentration versus absorbance, based on Beer’s
Law (Equation 3). Then the absorbance of unknown samples is compared to the
calibration curve, determining the concentration of the species.
First stock solutions of cadmium and zinc were prepared. A 515.4 ppm zinc
solution was made by dissolving clean zinc metal with hydrochloric acid, then diluting to
one liter with water. A 1000 ppm cadmium solution was made by diluting a cadmium
concentrate AAS standard ampoule (Sigma-Aldrich) to one liter in water. From these
solutions, 1, 5, 25, and 50 ppm solutions were made to create the calibration curves,
along with a solvent blank of Nanopure water (resistivity ≥ 18 MΩ-cm) (Table XI).
Table XI: Absorbance of cadmium and zinc stock solutions
Absorbance
Concentration (ppm)
0
1
5
25
50

Cadmium
-0.0007
0.0676
0.3176
0.622
0.7596

Zinc
0.0004
0.1293
0.5078
0.9476
1.0707

The absorbance and fluorescence of all of the quantum dot samples were
characterized prior to dissolving, and 2 mL of each of the samples was used for AAS.
The quantum dot samples were prepared for AAS by precipitating the samples according
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to section 4.4, including evaporating excess ethanol in an oven and redistributing them in
chloroform. The chloroform was then evaporated by carefully heating on a hot plate
overnight at approximately 75 °C. Nitric acid (16 M) was added to the precipitate, which
was then sonicated for 10 to 15 minutes and allowed to dissolve overnight in a fume
hood. After dissolving, a few drops of 12 M hydrochloric acid were added to aid in
dissolving any remnants of the precipitate. Then the samples were diluted to 25 mL with
Nanopure water.
Once the samples were fully dissolved into ions, their concentrations of zinc and
cadmium were tested with AAS (Table XII), compared to the calibration curve developed
in Table XI.
Table XII: Concentrations of cadmium and zinc in quantum dot samples analyzed by AAS. All
samples began with the same CdSe core size (2.3 nm), but grew during the coating process.
Diameters listed were determined from absorbance spectra.
CdSe
Core
Diameter
(nm)

Theoretical
Shell
Thickness
(ML)

Concentration
of QDs (µM)

2.633
2.796
2.854
2.863

0.53
1.25
3.00
5.47

8.37
6.44
5.01
4.41

Theoretical Metal
Concentration
(ppm)
Cadmium
13.2
12.1
10.0
8.92

Zinc
4.4
10.3
27.5
65.7

Measured Metal
Concentration
(ppm)
Cadmium
22.2
12.5
6.7
9.47

Zinc
4.5
13.9
22.4
>50

It should be noted, however, that some CdSe samples that did not undergo the
ZnS coating procedure had detected zinc concentrations of approximately 15 to 20 ppm,
larger than that of some of the coated samples, which may indicate a poor baseline or
poor sample preparation.
While the measured concentrations of cadmium and zinc do not match the
theoretical values consistently, they tend to follow the correct trends with theoretical
values (Figure 69). Excluding sample 494-8 which had a zinc concentration greater than
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the measurable range, the measured CdSe core size and ZnS shell thickness were within
10% of theoretical values, indicating that there is some value to the method.

Figure 69: Zn:Cd ratio for increasing theoretical ZnS shell thickness as measured by AAS.

However, with the small sample size and the great degree of uncertainty in the sample
preparation, the concentrations cannot be quantitatively correlated to ZnS shell thickness.
The uncertainty in the sample preparation comes from compounding assumptions about
the preparation, characterization, and purity of the samples. The main assumptions that
may become sources of error are:
1. Assumption: QD concentration is uniform and known from absorbance
measurements.
Source of error: Concentration measurements by absorbance are dependent on
particle size, which also comes from the absorbance measurement and may be
subject to error. Concentration measurements by absorbance are also dependent
on narrow distribution.
2. Assumption: Particle size is uniform and known from absorbance measurements.
Source of error: Particle size follows Gaussian distribution, but is not perfectly
uniform. Also, this assumption requires that the ZnS coating does not affect the
absorbance peak wavelength, which is unknown.
3. Assumption: The core and shell are uniform and spherical.
Source of error: TEM is the only effective method of determining particle shape.
Currently, determining shell distribution on the particle has been difficult due to
the small dimensions of the shell (monolayers).
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4. Assumption: All of the unreacted cadmium and zinc precursors are removed
during the precipitation process.
Source of error: It is unknown if unreacted precursors were fully removed. Some
precursors may remain trapped in the ligands that stabilize the quantum dots in
solution.
5. Assumption: Cadmium and zinc are fully dissolved and converted to ions by the
acids.
Source of error: Any trace amount of organic solvent (such as chloroform,
ethanol, or octadecene) can cause coagulation on the sidewalls of the vial, binding
up quantum dots so that they are not fully dissolved by the acids.
6. Assumption: The chemicals used in sample preparation contain no trace amounts
of zinc or cadmium.
Source of error: Only the acids were semiconductor grade. Most other grades of
solvents may contain trace amounts of metal ions, such as zinc.
This testing showed that using AAS to determine the ZnS shell thickness on the CdSe
core can be effective as a qualitative method, showing general trends with changes in
shell thickness, but the procedure is not yet refined enough to provide quantitative data.
AAS may be able to provide accurate quantitative data if it is used in conjunction with
other testing methods and sample preparation is further refined.
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CHAPTER 8 CONCLUSIONS
This study was able to optimize a colloidal process for coating CdSe quantum
dots with a ZnS shell, increasing their quantum yield up to ~800% by varying the
thickness of the ZnS shell and the ratio of zinc to sulfur organometallics in the precursor
solution. This process was effective at producing green-fluorescing quantum dots that
have increased quantum yield and stability, and somewhat predictable fluorescence
characteristics.
As the coating thickness increased, the quantum yield tended to increase, with
samples having shells thicker than 3 monolayers of ZnS having poor fluorescence and an
increased probability of flocculation. As the Zn:S ratio increased, the quantum yield
increased until 1.37:1 after which a decrease in quantum yield was seen. The FWHM of
the samples did not increase or decrease more than 5 nm, indicating that the process did
not significantly change the size dispersion of the particles in solution. The center
wavelength of the fluorescence curve red shifted less than 35 nm on average, of which
approximately one-quarter was due to heating the CdSe quantum dots and the other threequarters can be attributed to the coating itself.
It was found that the optimal combination of variables, of those tested, to produce
samples with high quantum yield and small changes in FWHM and CWL was a ZnS shell
thickness of 3 monolayers and a Zn:S precursor ratio of 1.37:1.
It can be concluded that the process for coating CdSe quantum dots with a ZnS
shell is highly variable. The standard deviation of the quantum yield can often be almost
half of the mean, indicating a need for as much control of nuisance factors in processing
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as possible, such as controlling the volume and rate of injection, temperature changes,
and heating and reaction times.
It was also shown that by coating CdSe quantum dots with a ZnS shell, their
stability under irradiation was increased. CdSe samples degraded significantly, with some
dissolving completely, while ZnS coated samples flocculated but remained fluorescent.
An attempt was made to determine the thickness of the ZnS shell through atomic
absorption spectroscopy and it was found that the method can determine the particle size
and shell thickness within approximately 10% of theoretical values, but that the sample
preparation needs further revision for AAS to be an effective testing method, in which
case it should be used in conjunction with other methods to provide reliable quantitative
data.
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CHAPTER 9 RECOMMENDATIONS AND FUTURE WORK
9.1 ZnS Reaction
As a complement to this work, a larger sample size should be made at the
determined optimum coating parameters to determine whether this combination holds
true and the degree of variability associated with the process under these conditions.
Temperature and time at the coating temperature in the ZnS reaction were held
constant in this study, but their study could help to further characterize the ZnS coating
procedure. Dabbousi et al. studied coating temperature and showed that there is a
correlation between the core particle size and the appropriate coating temperature, with
coating temperatures from 140 °C to 200 °C for increasing particle size.21 Also, some
studies vary the time at the coating temperature from 10 minutes (as used in this study)
up to 18 hours.14, 21, 32
The precursors diethylzinc, tributylphosphine, and hexamethydisilathiane that are
used to make the ZnS precursor solution are toxic and can be dangerous. Precursors such
as zinc acetate, zinc carboxylate and zinc diethyldithiocarbamate or a more controlled
process environment such as a glovebox could be used to make the process safer.14, 33
Along the same lines as changing the zinc and sulfur precursors, the solvent TOP was
studied as a replacement for TBP (since TBP is pyrophoric), but the study was not able to
determine the effects of changing the ligand on fluorescence characteristics. Further
studies using TOP in the ZnS precursor solution could be done to assess the effects of
changing this solvent.
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9.2 Characterization
Further characterization of the quantum dots produced by this and related
methods could be done to gain a better understanding of how the process might be
improved. Some of the methods used in the secondary studies, such as AAS, could be
further revised to provide quantitative data. While ZnS coated samples were shown to
exhibit greater stability in non-inert solvents under UV irradiation, quantitative results
could not be obtained in this study. Knowledge of the degree of increased stability of ZnS
coated samples, and how to optimize the stability, could guide application-specific
processing.
In addition to these studies, characterization of the shell thickness should be
performed to gain a better understanding of how the thickness of the coating affects the
optical properties of core-shell quantum dots produced by this process. Atomic
absorption spectroscopy was used to develop a general trend between ZnS shell thickness
and zinc to cadmium ratio, but a full quantitative correlation could not be determined in
this study. This method would allow us to determine the ZnS shell thickness at Cal Poly
without the necessity of using off-campus equipment, such as high-resolution
transmission electron microscopy (TEM). If the sample preparation is done with special
care to eliminate as many sources of error as possible (listed in section 7.3 ), a
quantitative relationship could be developed. In most studies of core-shell quantum dots,
the coating thickness is physically measured using TEM, which may be worth pursuing,
but is very time and resource intensive and would require performing work at another
facility such as UC Santa Barbara. TEM could also reveal further information about the
shape control associated with this process, such as anisotropic growth of the coating.
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9.3 Applications
Now that bright, efficient quantum dots with stable fluorescence have been
synthesized and their optical properties characterized, they can be studied in applications.
As discussed in section 3.1 , we would like to use quantum dots suspended in a
transparent polymer to convert blue and UV LEDs to white light. This year, work was
done in the chemistry department to suspend CdSe-ZnS quantum dots in PDMS, but
further work will need to be done to characterize loading concentration and optical
properties.34 In addition to suspending quantum dots in a polymer matrix, work was done
in the MATE department to characterize solutions of CdSe and CdSe-ZnS quantum dots
to produce white light with UV and blue LEDs. However, further work should be done to
determine the optimum concentrations and ratios once loaded into a polymer matrix.35
We also moved closer to imaging biological tissue with quantum dots this year by
wrapping CdSe-ZnS quantum dots with polymers to make them water soluble.36 Further
work needs to be done, though, to attach biological tags to the polymer wrapped quantum
dots and image tissue with them.
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APPENDIX A: “SMALL BATCH” CDSE SYNTHESIS
PROCEDURE WITH SILICONE OIL BATH FOR HEATING
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Appendix A: CdSe Quantum Dot Synthesis
Reaction and Characterization Procedures
The first part of this procedure outlines 3 different techniques (Purging, Syringing, &
Oil Bath Operation) which are required for quantum dot synthesis using an oil bath as
the heating medium.
The second part contains instructions to create the selenium/cadmium precursors and
then react them to synthesize CdSe quantum dots.

Chemicals








13 mg Cadmium Oxide Powder
33 mg Selenium Powder
0.6 mL Oleic Acid (tech grade 90%)
15 mL Octadecene (tech grade 90%)
0.4 mL Trioctylphosphine (tech grade 90%)
Toluene and Acetone for cleanup

Equipment




















2 – 50mL 14/20 1-neck or 3-neck Round Bottom Flasks
2 – 1mL Disposable Plastic Syringes
2 – 3mL Disposable Plastic Syringes
1 – 5cc Glass Syringe, Luer Lock Tip
1 – Veterinary Tip, 18 gauge, 3” SS Needle
2 – Small Stir Bars
3 to 5 –Borosilicate Vials w/ Caps
1 – Medium-Sized Beaker (150 mL)
2 to 4 – Rubber Septa
Hot/Stir Plate with RTD Probe
Crystallization Dish
~ 200 mL – High Temperature Silicone Oil (service temperature > 250 °C)
Chemical Spatula
Kimwipes
Thermocouple
Analytical Balance (accurate to 0.1 mg)
Stopwatch
Nitrile Gloves

Chemical Disposal
All chemicals and equipment used during the quantum dot synthesis must be properly
disposed of. Currently there is a vessel for liquid waste and a container for solid waste
such as needles, syringes, kimwipes, etc. which are stored in the yellow, hazardous
chemical cabinet in the nanotech lab (Bldg. 41-205).
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Preparing Chemical Bottles
1. Fill a clean dry bottle with the
desired chemical.
2. Fit a rubber septum into the top of
the bottle.
3. Either purge the solution if it is to
be used immediately or store it for
later use.
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Purging Procedure
This procedure is to be used for any chemical and/or reaction vessel needing
purging.
1. Fill a large beaker with water until
it is ¾ full.
2. Lower N2 tank gas escape hose
into beaker.

3. Fully open valve on top of tank.
4. Fully open left knob on valve.

1st

5. Open middle knob on valve
(“increase”) until bubbles start to
appear in the beaker. Maintain
this gas flow throughout the
procedure.

2nd

3rd

6. Insert N2 purge needle into center
of septum. Make sure the needle
is above the level of the liquid.
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7. Insert a vent needle into the
septum next to the N2 purge
needle. Make sure it is above the
level of the liquid.

8. After inserting the vent needle,
lower the purge needle so that the
tip is submerged in the liquid.
Bubbles should begin to form in
the liquid. If the needle cannot be
submerged below the level of the
liquid, either more chemical can
be added or the bottle can be
carefully tilted.
9. Allow to bubble for at least 10
minutes to remove oxygen from
the chemical.
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Syringing Procedure
This procedure is a method of transferring a chemical from one purged vessel
into another without the introduction of oxygen. All solutions must be properly
purged with N2 before using this procedure.
1. Remove a disposable plastic
syringe from its packaging.

2. Pull the N2 purge needle up so
that it is above the level of the
liquid. No bubbles should be
forming at this point.
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3. Insert the tip of the syringe into
the venting needle.
4. Draw N2 gas up into the syringe.

5. Remove the N2 filled needle and
syringe from the septum and fully
expel all the N2 gas by plunging
the syringe down. Make sure to
expel the syringe away from
yourself in the hood.
6. Reinsert the needle and syringe
into the septum.
7. Repeat the filling and expelling
process twice more. This removes
any oxygen in the syringe.
8. Reinsert the needle and syringe
then pull up the syringe to once
again fill the syringe with N2. Do
not remove the syringe from the
flask.
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9. Fully pull out the N2 purge needle.

10. Plunge down the N2 filled syringe
to create positive pressure in the
vessel.
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11. Invert the chemical vessel and
syringe.
12. Slowly draw out the desired
amount of solution into the
syringe. Make sure to keep the
needle tip in the liquid to prevent
gas from entering the syringe.

13. Quickly and carefully insert the
needle into the center of the
septum of the desired vessel and
slowly plunge down until all the
liquid is expelled.
14. If more of the purged chemical is
needed, quickly reinsert the
syringe into the purged solution
and draw out more chemical.
15. Chemicals must be repurged if left
for longer than 10 minutes.
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Oil Bath Operation
1. Fill crystallization dish with ~200
mL high temperature silicone oil.
2. Place dish on hot plate.
3. Put paper clip into dish, which will
act as a stir rod for the oil.
4. Clamp RTD probe in clamp on
ring stand so that it is in the oil
bath without touching the glass.

5. Press heater button on plate.
Set to desired temperature and
press enter.
Allow ~30 minutes to reach
temperature and stabilize.
Temperature in flask will be offset
from setting on plate by ~17 °C
lower.
(i.e. set: 225 °C flask: ~208 °C)
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6. Put stir bar into reaction flask. Put
thermocouple into the flask at this
point if necessary, so that it
almost touches the bottom of the
flask.
7. Put septum onto flask to seal it.
8. Clamp reaction flask in 3-finger
clamp.
9. Lower the reaction flask into the
oil bath. Make sure the flask is
not touching the bottom of the
dish.

10. Press stirrer button on plate.
Set to desired stir speed and
press enter.
11. When finished with reaction, turn
off heater and stirrer.
12. Raise clamped flask out of oil
bath and clean oil off with
kimwipe with toluene and then
acetone.
13. Allow oil bath to come to room
temperature.
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Se-TOP Procedure
1. Purge Octadecene (ODE)
following the Purging
Procedure for ~15 minutes.
2. Weigh out 33 mg Se powder
into a 50 mL round bottom flash.
Make sure the flask is clean and
dry.
3. Drop a small stir bar in the flask.
Cap flask with a rubber septum.

Do NOT breathe in Selenium fumes.
4. Clamp the neck of the flask in a
3-finger clamp on ring stand.
5. Set heat to 150 °C.
6. Purge the flask with N2 gas by
inserting the purge needle
followed by a venting needle.
Allow to purge for 10 minutes.
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7. Transfer 5 mL ODE into the
flask using the Syringing
Procedure.
8. Lower flask into oil bath.
9. Set stir to 500 rpm.
10. Begin purging
trioctylphosphine using the
Purging Procedure.
Purge for ~15 minutes.
11. Using the Syringing
Procedure, add 0.4 mL of
purged TOP to the Se-TOP
reaction flask. The majority of
the selenium should dissolve
immediately.
12. Continue stirring at 150 °C until
the solution is completely clear.
If all the selenium does not
dissolve, it may be a sign that
oxygen was introduced into the
reaction and oxidized the TOP
before the selenium and TOP
can react.
13. Remove the solution from the
oil bath and pull out the N2
needle and vent needle.
14. Once it has cooled, clean the
outside of the flask with
toluene and acetone.
This SeTOP solution can be
stored for up to 2 weeks and
makes enough SeTOP
precursor for five QD
syntheses.
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Cd-Precursor Procedure
1. Weigh out 13 mg of CdO into a
50 mL round bottom flask.
2. Put a small stir bar into the
bottom of the flask.

Cadmium Oxide is Toxic. Do NOT breathe fumes.

3. Insert a thermocouple so that
the wire almost touches the
bottom of the flask.
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4. Place a rubber septum onto the
flask and fold over the edges to
firmly secure the thermocouple.
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5. Clamp the flask in a 3-finger
clamp on a ring stand and begin
purging with N2 using the
Purging Procedure.
Purge for ~10 minutes.

6. Set heat on oil bath to approx.
242 °C
(Adjust as needed to achieve
225 °C in flask).

7. Using the Syringing Procedure, add 10 mL of purged ODE into the flask.
8. Lower the flask into the oil bath.
9. Set the stir function to 500 rpm.
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10. Purge the Oleic Acid using the Purging Procedure for ~10 minutes.
11. Using the Syringing Procedure, add 0.6 mL Oleic Acid to the Cd reaction
flask.
12. Heat until solution becomes optically clear. CdO has a tendency to stick to the
walls of the flask, so the flask should be agitated occasionally to prevent build
up on walls.

Some chemicals in this reaction mixture become
volatile around 200 °C.
Do NOT breathe fumes.
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Sample Removal

Caution: This process requires safely handling high-temperature organic,
volatile chemicals. Two people must be present and all those present must
wear appropriate safety equipment at all times.
Prepare syringes and vials while the Cd precursor is heating.
1. Attach one metal needle tip
securely to a plastic 3 mL
syringe and one to a glass 5 mL
syringe with Luer lock.

2. Remove the caps from clean,
dry vials.
3. Once the Cd precursor becomes
optically clear, ensure that its
temperature is stable at 225 °C
(adjust hot plate setting as
needed to achieve stability at
225 °C).

4. Once stable at 225 °C, quickly
inject 1 mL of room-temperature
Se-TOP precursor into the hot
Cd precursor.
Start timing when the SeTOP
precursor is injected.
A white fog will immediately
form and the solution will begin
changing color to a pale yellow.
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5. Using the glass syringe,
carefully remove samples of
0.5 to 3 mL at desired time
intervals.
6. Put samples into separate vials.

7. Cap and label the vials.
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APPENDIX B: ZNS COATING PROCEDURE
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Appendix B: ZnS Coating Synthesis
Reaction and Characterization Procedures
This procedure follows the CdSe procedure detailed in Appendix A.
The first part of this protocol contains instructions to create the ZnS precursor solution
and the second part details how to coat CdSe quantum dots with a ZnS shell.
Chemicals
 1.42 mL Diethylzinc – ZnEt2 – Solution (1.0M in Heptane)
 0.22mL Hexamethyldisilathiane – (tms)2S – (synthesis grade)
 5.6mL Tributylphosphine – TBP – (99% tech grade)
 1mL Butanol
 Toluene and Acetone for cleanup
Equipment
 2 – 50mL 14/20 1-neck or 3-neck Round Bottom Flasks (RBF)
 2 – 1mL Disposable Plastic Syringes
 2 – 3mL Disposable Plastic Syringes
 2 – Small Stir Bars
 1 – Medium-Sized Beaker
 Hot/Stir Plate with RTD Probe
 Crystallization Dish
 ~ 200 mL – High Temperature Silicone Oil
 Analytical Balance (accurate to 0.1 mg)
 Silicone and/or Rubber Septa
 Kimwipes
 Thermocouple
 Borosilicate Vials
 Transfer pipettes
 Stopwatch
 Nitrile Gloves
References
 Purging procedure – Appendix A
 Syringing procedure – Appendix A
 Oil bath operation – Appendix A
Chemical Disposal
All chemicals and equipment used during quantum dot synthesis and coatings must
be properly disposed of. Currently there is a vessel for liquid waste and a container for
solid waste such as needles, syringes, kimwipes, etc. which are stored in the yellow,
hazardous chemical cabinet in the nanotech lab (Bldg. 41-205).
Chemical Safety
Many of the chemicals used in this process are toxic and can be very dangerous if
improperly handled. Refer to MSDS for all chemicals prior to performing this
procedure. This procedure must be carried out in a fume hood.
 Tributylphosphine – pyrophoric, toxic
 Diethylzinc – pyrophoric, toxic, corrosive
 Hexamethydisiliathiane – toxic
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ZnS Precursor Solution Procedure

1. Purge Tributylphosphine (TBP)
according to the Purging
Procedure for 10 minutes.

2. Drop a stir bar into a 50mL round
bottom flask.

3. Cap flask with a septum.
This will be the ZnS vessel.

4. Clamp the flask to the ring stand,
suspended above the stir plate.

5. Purge the flask according to
Purging Procedure for 10 minutes.

6. Transfer 5.6mL of TBP using the
Syringing Procedure into the flask.

7. Lower N2 needle in flask to below
the level of the TBP. Turn the
stirring function on the hot plate to
400-500 rpm.

8. Transfer 0.22 mL (tms)2S into the flask containing TBP.
9. Purge the ZnEt2 solution using the Purging Procedure for 5 minutes.
10. Transfer 1.42 mL of ZnEt2 using the Syringing Procedure into the ZnS vessel.
11. Continue stirring for 10 to 15 minutes to allow the chemicals to fully dissolve in
TBP.

12. Transfer the solution to a vial and cap with a septum.
13. Purge the vial with N2 for 5 to 10 minutes.
14. Pull out the N2 needle. This solution can be stored for up to one week.
If the solution turns murky or a white precipitate forms, the solution can no
longer be used for coating and should be disposed of.
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Coating Procedure

1. Heat the oil bath to 160 °C according to the Oil Bath Operation and allow it to
stabilize for at least 20 minutes. Turn the stirring function to 400 – 500 rpm with
a paperclip in the oil bath to serve as a flat stir rod.

2. Place a stir bar into a 50mL round bottom flask or a 3-necked round bottom
flask.

3. Insert a thermocouple so that the wire
touches the bottom of the round bottom
flask.

4. Place a septum into the neck of the
flask and fold the edges down to firmly
secure the thermocouple.

5. Clamp the flask to a ring stand and
begin purging with N2 gas using the
Purging Procedure.

6. Select the desired CdSe quantum dot
sample to be coated.

7. Using a 3 mL disposable plastic
syringe, transfer the desired volume of
CdSe quantum dots into reaction flask.
The volume of CdSe dots should be
between 3 mL and 10 mL. The
procedure does not scale well to
volumes greater than 10 mL.
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8. Lower the CdSe flask into the oil bath
and allow it to heat to 160 °C and
stabilize for 10 minutes.

9. While the CdSe solution is heating,
purge the ZnS precursor solution with
N2 according to the Purging
Procedure.

110 | P a g e

10. Inject the desired volume of ZnS
precursor solution dropwise over 2
minutes (according to the
concentration of CdSe QDs and
coating thickness).

11. Hold the temperature constant at
160 °C during reaction.

12. The reaction should be allowed to run
for 10 minutes.

13. After 10 minutes, raise the flask up out
of the oil bath and allow it to cool to
60 °C.

14. Upon reaching 60 °C, add 1mL of
butanol to avoid solidification and
flocculation.

15. When the solution reaches room
temperature, transfer the solution to a
vial using a transfer pipette.

16. At this point, a visible change in
fluorescence should be observable
when the samples are exposed to UV
light.

CdSe

CdSe-ZnS
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APPENDIX C: DATA FOR QUANTUM YIELD, CENTER
WAVELENGTH SHIFT, AND CHANGE IN FWHM
CALCULATIONS

112 | P a g e

113 | P a g e

2.34
2.34
2.34
2.34
2.34
2.34
2.34
2.34
2.34
2.34
2.34
2.34
2.34
2.34
2.34
2.34
2.34
2.34
2.34
2.34

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Sample
Number
(randomized
order)
Uncoated
0.80
0.23
1.37
1.37
0.40
0.80
1.20
0.80
0.80
0.40
0.23
0.40
0.80
0.80
1.20
0.80
1.20
1.20
0.40
0.80

N/A

Zn:S Ratio
(Zn mmol:
1 mmol S)

3.00
3.00
3.00
3.00
1.25
5.47
4.75
3.00
3.00
1.25
3.00
4.75
0.53
3.00
4.75
5.47
1.25
1.25
4.75
0.53

Theoretical
Shell
Thickness
(Monolayers)
N/A
565
566
547
544
556
563
549
557
566
562
572
570
552
564
551
559
547
549
570
547

520

CWL
(nm)

2.34
21
1.60
4.75
543.5
2.34
21-Retry
1.60
4.75
551
2.34
22
1.20
3.00
549.5
2.34
23
1.60
1.25
544
2.34
24
1.60
3.00
545.5
P indicates precipitation so data could not accurately be collected

P
P

P

P

P
P

P

P

2.34

Core
Size
(nm)

42
41
35
38
32

33.5
38.5
31
35
33
34
30
36
36
31
35
39
29
35
32
35
28
29
38
33

32

FWHM
(nm)

11409
17093
11287

7049

9165
10067

10278
6377
7949

8095
7000
6925
10042

16458
8590
9567

9193

2102

Area
(count*nm)

0.055
0.079
0.060

0.034

0.042
0.048

0.058
0.047
0.040

0.036
0.065
0.034
0.064

0.076
0.029
0.058

0.145

0.067

OD@460
nm
(unitless)

665%
688%
601%

666%

694%
665%

564%
436%
635%

713%
344%
655%
505%

689%
945%
530%

203%

100%

Relative
PLQY

29.5
24
25.5

27

27
29

32
44
31

29
37
46
42

27
24
36

45

N/A

CWL
Shift
(nm)

3
6
0

1

-4
-3

-3
3
0

-2
4
4
-1

-1
3
1

1.5

N/A

Change
FWHM
(nm)
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0.40
0.80
0.40
1.37
0.80
0.23
1.37
0.80
0.80
1.20
0.80
1.20
0.23
1.20
0.40
0.80
1.20
0.40
0.80
0.80

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

2.69
2.69
2.69
2.69
2.69
2.69
2.69
2.69
2.69
2.69
2.69
2.69
2.69
2.69
2.69
2.69
2.69
2.69
2.69
2.69

1.25
3.00
4.75
3.00
0.53
3.00
3.00
0.53
3.00
1.25
5.47
4.75
3.00
4.75
1.25
5.47
1.25
4.75
3.00
3.00

N/A
577
585.5
597
561
567
599
561
562
578
563.5
579
562
596
561
573
578
563
596
577
579

556

CWL
(nm)

P indicates precipitation so data could not accurately be collected

P

P

P
P
P

P

P
P

N/A

Uncoated

2.69

Zn:S Ratio
Theoretical
(Zn mmol: Shell Thickness
1 mmol S)
(Monolayers)

Sample
Number
(randomized
order)

Core
Size
(nm)

38
43
43
33
34
41
33.5
33
39.5
34
41
34
40
34
38
44
34
45
40
41

36

FWHM
(nm)

7691
7163

15375

12705
12833

12860
15486
7825
16605

14447
15094

11399

3442

Area
(count*nm)

0.063
0.077

0.078

0.063
0.100

0.059
0.080
0.082
0.088

0.072
0.094

0.078

0.087

OD@460
nm
(unitless)

309%
235%

501%

515%
327%

549%
489%
242%
476%

506%
409%

373%

100%

Relative
PLQY

21
23

7

5
17

5
6
22
7.5

5
11

21

N/A

CWL
Shift
(nm)

4
5

-2

-2
2

-2.5
-3
3.5
-2

-3
-2

2

N/A

Change
FWHM
(nm)

